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Abstract 

Layered silicate nanomaterials (NMs) are a diverse group of clay minerals that have 

attracted great interest in various branches of industry. However, despite growing demand 

for these class of NMs their impact on human health has not been yet fully investigated.  

Therefore, the aim of this study was to evaluate the potential toxic effects of a panel of 

different types of synthetic and natural layered silicate NMs, of varying physicochemical 

properties, compared to a positive control of DQ12 quartz particles. Mouse BALB/c 

monocyte macrophage (J774A.1) and human peripheral blood mononuclear cells 

(PBMC) were chosen as in vitro models of alveolar macrophages.  

Based on the cytotoxicity data in J774A.1 cells, tested layered silicate NMs were grouped 

into: no measurable toxicity samples comprising No F/Low Li and No F/V low Li; 

relatively low toxicity samples consisting of No F/Med Li, High F/Med Li and High 

F/Med Li washed particles; intermediate toxicity samples consisting of Low F/Med Li, 

sHca-1and DQ12; and relatively high toxicity samples comprising Na-F-Hectorite, Med 

F/High Li and MMT particles. Tumor necrosis alpha (TNF-α) secretion and induction of 

pro-inflammatory genes indicated that Na-F-Hectorite, MMT, sHca-1, Med F/High Li 

and Low F/Med Li samples induced potent inflammatory responses at sub-lethal 

concentrations, and in many cases exceeding the effect of DQ12. Med F/High Li, Low 

F/Med Li, Na-F-Hectorite, MMT and sHca-1 samples induced small yet significant 

reactive oxygen species (ROS) production in J774A.1. However, in acellular conditions 

none of the tested samples increased oxidising species production, indicating a lack of 

their intrinsic ability to produce ROS.  

PBMC cells were less sensitive to tested particles and based on the cytotoxicity results 

tested particles were divided into non-toxic samples: No F/Med Li, High F/Med Li, High 

F/Med Li washed, No F/Low Li and No F/V low Li; intermediate toxicity samples 

consisting of DQ12, sHca-1 and Low F/Med Li; and relative high toxicity samples 

comprising Na-F-Hectorite, MMT and Med F/High Li. Na-F-Hectorite, MMT and sHca-

1 induced secretion of TNF-α and interleukin 8 (IL-8), whereas samples of Med F/High 

Li and High F/Med Li were shown to enhance TNF-α secretion in PBMC. 

J774A.1 and PBMC cells were shown to effectively uptake No F/Med Li and sHca-1 

particles. In both types of cells all the tested layered silicate NMs caused extensive 
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cytoplasmic vacuolisation that was not mediated by mechanisms of cell death such as 

methuosis or paraptosis.  

Based on the results obtained in this study the toxic potency of tested samples appeared 

to be dependent on particles size with the platelets of larger dimension and lower surface 

area being more potent than the smaller platelet with higher surface area. In addition, 

there was no relationship observed between lithium and fluoride content in layered 

silicate particles and their impact on overall toxicity. Obtained results demonstrated that 

layered silicate NMs have different toxicological profiles and suggest that toxicological 

properties of a specific layered silicate NM should be investigated on an individual basis. 
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Chapter 1.  Introduction 

  



 

2 

 

1.1 Nanomaterials  

Nanotechnology has been a fast-moving, multidisciplinary field that led to a rapid 

increase in the application of nanomaterials (NMs) across various branches of industry 

(Kaur et al., 2014). According to the Consumer Products Inventory it is estimated that 

currently 1833 consumer products available on the market contain NMs (Consumer 

Products Inventory, 2020), compared to 54 listed in 2005 (Vance et al., 2015). As 

nanotechnology has advanced, layered silicates, both natural and engineered, were among 

the multitude of new NMs that have emerged. Due to their unique physicochemical 

properties they found application in a wide variety of industries (Heinz, 2012) (see section 

1.3.4). Currently layered silicate NMs are used in thousands of tons in industry (25,000 - 

51,000 tons globally) and this number is forecast to increase further (Connolly et al., 

2019; Zhu & Njuguna, 2014). Given that the greater occupational and consumer exposure 

is expected, it is crucial to investigate any potential risk associated with these materials 

and understand the properties driving potential toxic responses.  

The proposed, however currently under revision, definition of a NM stated by the 

European Commission refers to any “natural, incidental or manufactured material 

containing particles, in an unbound state or as an aggregate or as an agglomerate and 

where, for 50 % or more of the particles in the number size distribution, one or more 

external dimensions is in the size range 1 nm - 100 nm.” (European Commission, 2011). 

This widely accepted definition is based on particle size, however NMs are a very diverse 

group of materials varying in other physicochemical properties such as surface and 

chemical composition, shape, charge and density (Roy et al., 2014). Nonetheless, as 

particle size decrease, the surface area per unit mass increases. This leads to potentially 

greater surface reactivity due to presence of larger number of atoms and molecules on the 

surface on an equal mass basis (Donaldson et al., 2004; Oberdörster et al., 2007). In 

addition, compared to their bulk counterparts, NMs possess new behaviour in aerosols, 

their biodistribution in the body changes and differences in their cellular interactions are 

observed (Oberdörster, 2010).  

 

1.2 Nanotoxicology  

Nanotoxicology as a new branch of toxicology was first proposed by Donaldson and 

colleagues and aimed to study the potential toxic effects of NMs and the sources of their 

toxicity (Donaldson et al., 2004). The study of nanotoxicity originated from the extensive 
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research on particulate matter (PM) in air pollution, highlighting the unique toxicological 

properties of smallest sizes of the inhalable fraction called ultrafine fraction (PM with an 

aerodynamic diameter lower than 100 nm) or nanoparticles (NPs) (Stone et al., 2017; 

Seaton et al., 1995; Stone et al., 2007; Oberdörster et al., 2007). Rodent studies carried 

out by Ferin et al. and Oberdörster et al. firstly demonstrated significantly greater 

pulmonary inflammation and interstitial translocation of intratracheally instilled ultrafine 

TiO2 (20 nm) and Al2O3 (20 nm) compared to the equivalent mass concentrations of fine 

particles of TiO2 (250 nm) and Al2O3 (500 nm) (Ferin et al., 1990; Oberdörster et al., 

1990). However, the responses did not differ when the samples were adjusted to an equal 

surface area dose (Ferin et al., 1990; Oberdörster et al., 1990). The increased pulmonary 

toxicity of ultrafine particles was associated with its increased surface area (Donaldson et 

al., 1998; Oberdörster et al., 1992; Oberdörster, 2000; Brown et al., 2001) and its surface 

chemistry and reactivity (Donaldson et al., 1998). Later, the outcomes of animal studies 

were further confirmed by using in vitro models, which highlighted oxidative stress and 

inflammation as a driving forces in NM toxicity  (Donaldson 1996; Stone et al., 1998; 

Brown et al., 2001). In addition, inhaled nano-sized particles were found to be prone to  

induce extra-pulmonary effects (Heusinkveld et al., 2016; Stone et al., 2017). 

The toxicity of NMs depends on the variety of factors including physicochemical 

characteristics of the NM, exposure sources and the route of exposure (Unfried et al., 

2007). Moreover, when NMs access the biological milieu they are in contact with a huge 

variety of biomolecules including proteins, sugars and lipids which can readily interact 

with NMs changing their biological identity and adding another level of complexity 

(Shang et al., 2014). Although extensive research into NMs and their biological effects 

was carried out in the past years, the interaction between NMs and the living system is 

not yet fully understood (Elsaesser & Howard, 2012).  

 

1.3 Layered silicate NMs 

In order to better understand the interactions between NMs and the living system it is 

crucial to identify critical parameters that cause potential adverse health effects. Due to 

the complexity of these interactions multiple variables, such as particle structure, size and 

chemical composition have to be considered when interpreting the data. Therefore, the 

next paragraphs intend to describe characteristics of layered silicates NMs which can 

potentially contribute to their toxicity when inhaled.  
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1.3.1 Layered silicates - general structure and types 

Layered silicates can be widely defined as hydrous silicates exhibiting sheet/plate-like 

structure with variable chemical composition and dimensions (Bergaya & Lagaly, 2006). 

Layered silicates include varieties of distinct silicates which can be either found naturally 

or can be synthesised. Due to their geometry, layered silicates are commonly called 

phyllosilicates, sheet-structured silicates or nanoclays (Bergaya & Lagaly, 2006). The 

atomic structure of layered silicates consists of two basic units, an octahedral sheet and a 

tetrahedral sheet (Grim, 1962) (Figure 1.1). The tetrahedral sheet is composed usually of 

central silicon surrounded by four oxygen atoms in a tetrahedral molecular geometry 

(Grim, 1962). The octahedral sheet is most commonly composed of aluminum or 

magnesium hydroxyl bonded to six oxygen atoms from the tetrahedral sheet (Grim, 

1962).  

 

Figure 1.1 Structure of 2:1 layered silicates. 

 

The arrangement of sheets and their composition accounts for the differences in 

physicochemical properties of layered silicates (Murray, 2007). As shown in Figure 1.2 

based on the number and arrangement of the sheets, layered silicates can be divided into 

3 main groups: 1:1 phyllosilicates (1 tetrahedral and 1 octahedral sheet), 2:1 layered 

silicates (1 octahedral sheet sandwiched between 2 tetrahedral sheets) and 2:1 inverted 

ribbons (1 octahedral sheet sandwiched between 2 tetrahedral sheet, however adjacent 

bands of tetrahedra, within one tetrahedral sheet, are directed in opposite directions) 

(WHO, 2005).  

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/atomic-structure
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Figure 1.2 Classification of layered silicates. 

Classification of layered silicates (WHO, 2005). 

 

1.3.2  2:1 Layered silicates  

The focus of this thesis is on 2:1 layered silicates belonging to the smectite subgroup. As 

shown in Figure 1.11 the structure of 2:1 layered silicates consist of one octahedral sheet 

placed between two tetrahedral sheets, forming a two-dimensional (2D) platelet or layer 

(Bailey, 1980). The platelet thickness is around 1 nm and the lateral dimensions may vary 

from a few nanometres (especially for synthetic varieties) to several microns, depending 

on the type of layered silicate (Bergaya & Lagaly, 2013). Thus, this makes them high 

aspect ratio and high surface area-to-volume ratio NMs (Wagner et al. 2018). Layered 

silicates in the 2:1 group are negatively charged on their surface due to isomorphic 

substitution with lower charge atoms; typically the silicon (Si4+) in the tetrahedral sheets 

is replaced by aluminium (Al3+) and the aluminium (Al3+) that is present in the octahedral 

sheet is commonly replaced by magnesium (Mg2+). In addition, the exposed hydroxyl 

groups that can be found on the edges can undergo protonation causing a build-up of the 

positive charge (Brigatti et al., 2012). The negative charge is balanced by positively 

charged ions, most often Na+, Li +, K+ and Ca2+, in the interlayer space (Schoonheydt et 

al., 2013). These cations can be easily exchanged by other positively charged ions or 

molecules which give layered silicates high cation exchange capacity (CEC) 

(Schoonheydt & Johnston, 2013). Layered silicates that are in the dry form agglomerate 

into tactoids, which are composed of multiple platelets which are stacked together by 
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electrostatic and van der Waals forces (Shipp, 2010). However, when dispersed in water, 

the water molecules are drawn into the interlayer space replacing the exchangeable 

cations, causing separation/exfoliation of individual platelets forming colloidal 

suspensions (Schoonheydt et al., 2013). This process is termed osmotic swelling and 

greatly increases the volume of layered silicate suspensions. It is however worth 

mentioning that layered silicates do not easily exfoliated in water and appropriate mixing 

procedures (e.g., using ultrasonic or alternative mechanical energy) need to be applied in 

order to enhance the exfoliation (Liu et al., 2008).  

Two different types of layered silicates will be investigated through this study: naturally 

occurring montmorillonite (MMT) and hectorite, plus a range of synthetic nanoclays. 

MMT and hectorite are the most common types of 2:1 natural layered silicates (NLS) 

with general chemical formula indicated in  

Table 1.1 (Uddin, 2018). MMT belongs to the dioctahedral (Al3+ occupies the cation 

position in octahedral sheet) type of layered silicates, with Al3+ ions substituted by Mg2+, 

whereas hectorite is a trioctahedral (Mg2+ occupies the cation position in octahedral sheet) 

smectite whose octahedral layers contain Mg2+ ions partly substituted with Li+ (Nur-Aimi 

& Anuar, 2016). In nature chemical formulas for MMT and hectorite varies as the levels 

of water and cations within octahedral and tetrahedral layers, as well as in interlayer 

space, vary with location between and within deposits (Uddin, 2018).  

Synthetic layered silicates (SLS) examined in this study are trioctahedral silicates with a 

hectorite-like composition and structure (BYK Additives & Instruments, 2014). They 

were first synthesised in the early 1960’s by combing salts of sodium, magnesium and 

lithium with sodium silicate under specified rates and temperatures (BYK Additives & 

Instruments, 2014). During the manufacture process, some of the hydroxyl groups can be 

substituted with F-, and some of the Mg2+ can be substituted by Li+, resulting in a net 

negative charge at the silicate surface, balanced by interlayer Na+ cations (BYK Additives 

& Instruments, 2014). There are many variations of the SLS, characterised by different 

chemical content, which in turn dictate different physicochemical (e.g. charge, size) and 

gelling properties (BYK Additives & Instruments, 2014). Although the SLS usually have 

a very small particle diameter, in the nano-range and layered thickness of around 1 nm, 

certain synthetic approaches may result in samples with lateral dimension of the order of 

tens of microns (Stöter et al., 2013; Jaber et al., 2013). 
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Table 1.1 General chemical formula of layered silicates used in this study. 

Layered silicate Chemical formula 

Montmorillonite Mx(Al4-xMgx)Si8O20(OH)4 (Nur-Aimi & Anuar, 2016) 

Hectorite Mx(Mg6-xLix)Si8O20(OH)4 (Nur-Aimi & Anuar, 2016) 

Synthetic  Na+
0.7 [(Si8Mg5.5Li0.3)O20(OH)4]

-0.7 (BYK Additives & Instruments, 

2014) 

M: monovalent cation in interlayers; x: degree of isomorphous substitution. 

 

1.3.3 Synthetic vs natural 2:1 layered silicates  

NLS usually form as a result of the weathering of a rock forming silicate materials in 

contact with water, air or steam (Galán & Ferrell, 2013). Naturally occurring silicates are 

attractive materials for wide range of industries as they are abundant in nature, 

environment friendly and relatively low-cost chemical substances (Zhang et al., 2010). 

However, they exist in natural deposits as a mixture of different types of silicates, varying 

in mineralogical composition, and with various physicochemical properties. Importantly, 

from a toxicological perspective, NLS are often contaminated by crystalline silica or 

cristobalite (Zhang et al., 2010). This significantly limits their potential use and 

applications, as additional purifications steps are necessary. Another limitation is that 

some NLS are not available in abundant quantities. In contrast, SLS possess several 

advantages over their natural counterparts including superior purity, unlimited 

availability, well-designed composition and structure which can meet the requirements of 

certain industries (Zhang et al., 2010; Jaber et al., 2013).  

 

1.3.4 Application of layered silicates  

Among all the characteristics of layered silicates, their high surface area, high aspect ratio 

and high CEC play crucial roles in their widespread industrial applications.  

Exfoliated platelets introduced into polymer matrix, to form so called nanocomposites, 

can improve substantially mechanical strength, thermal, dielectric and barrier 

characteristics of plastics, rubber and polymer films (Paul & Robeson, 2008). 

Incorporation of layered silicates into polymer films have been heavily implemented in 
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food packaging industry (Wagner et al., 2018). However, the hydrophilic nature of 

layered silicates’ surface requires surface modification in order to obtain dispersion in a 

highly hydrophobic polymer matrix. By modification of the silicate surface with organic 

groups (to obtain so-called organoclays), most commonly quaternary ammonium salts, 

through a cation exchange process, an efficient silicate-polymer blend can be obtained 

(Heinz, 2012). Colloidal suspensions of layered silicates are used as a rheology modifier 

of many waterborne products in cosmetics  such as shampoos or toothpastes (Carretero 

& Pozo, 2010), paints and surface coatings (BYK Additives & Instruments, 2014). There 

are also examples of application of layered silicates in agriculture as a detoxicant agent 

of bacterial and metabolic toxins in animals (Zou et al., 2006), or as adsorbents of 

pesticides and their removal from water and soils (Zadaka et al., 2007). Their 

physicochemical features have been also exploited in biomedical applications. In this 

context, the charged surface of layered silicates can absorb a range of biomolecules 

including proteins, DNA and RNA, as well as provide exiting opportunities for drug 

delivery systems (Massaro et al., 2018; Yu et al., 2013; Wang et al., 2013) and 

bioimaging (Felbeck et al., 2013). In addition, recently SLS have been reported as a 

material with huge potential for bone tissue engineering applications (Gaharwar et al., 

2013;  Wang et al., 2014;  Carrow et al., 2018).  

 

1.3.5 Layered silicates toxicity in vitro  

Up until the present time, a majority of in vitro toxicity studies on layered silicate have 

been conducted using gastrointestinal and liver cell lines. In addition, there are also a 

more limited number of studies investigating lung and skin cell lines. The choice of 

toxicity models reflects the applications of layered silicates and consequently the 

potential exposure sites. The outcomes of different studies hugely depend on the type of 

layered silicate and experimental set up used (such as type of cell line, concentrations, 

endpoint tested, methodology), with some studies indicating the absence of toxicity while 

other report significant toxic effects of layered silicates. Most of the literature on the 

safety of layered silicates is predominantly based on the use of MMT and its organically 

modified forms. By contrast, very little information is currently available on the toxicity 

of hectorite and SLS.  

A number of in vitro studies indicate the potential of layered silicates to cause pulmonary 

adverse effects. Verma et al. investigated the inhalation toxicity of Cloisite®Na+ (pristine 



 

9 

 

MMT) and bentonite (layered silicate in which MMT is the primary component) using in 

vitro models of human alveolar epithelial cells (A549) and showed that these layered 

silicate NMs induced toxicity, from 25 µg/ml and 24 hr exposure, accompanied by 

extensive uptake (Verma et al., 2012). Interestingly, the same study reported higher 

cytotoxicity of platelet layered silicates (Cloisite®Na+ and bentonite) compared to tubular 

types (halloysite) (Verma et al., 2012), however tested layered silicates differed also in 

other characteristics (e.g. size, charge). A recent study by Wagner et al. reported cytotoxic 

effects of Cloisite®Na+ and Cloisite®30B (organically modified MMT) in human 

bronchial epithelial cells (BEAS-2B), at 100 µg/ml after 24 hr treatment (Wagner et al., 

2017). Geh et al. observed uptake of bentonite particles into human lung fibroblasts 

(IMR90 cells) associated with cytotoxicity and cell membrane lysis (Geh et al., 2006). 

The toxic potential of bentonite was depended on quartz content and chemical 

modification (Geh et al., 2006). In addition, bentonite was found to be more bioactive 

than Dörentruper quartz (DQ12) in the macrophage model of NR8383 macrophages 

(Wiemann et al., 2020). 

Some studies also observed an acute response following the addition of layered silicates 

to cells of digestive origin. In this context, Baek et al. reported concentration- and time- 

dependent inhibition of cell proliferation in intestinal cells (INT-407), following MMT 

exposure, from as low as 5 µg/ml concentration, after 48 – 72 hr incubation (Baek et al., 

2012). Lordan et al. observed cell membrane damage and reduced cell viability in a 

human hepatic cell line (HepG2) in response to the Cloisite®Na+ and Cloisite®93A 

(organically modified MMT) from a concentration of 1 µg/ml and an exposure of 24 hr 

(Lordan et al., 2011). Both studies, highlighted the importance of the agglomerated state 

of the layered silicates tested, as this appeared to influence any observed toxicity (Lordan 

et al., 2011;  Baek et al., 2012). By contrast, other studies, using gastrointestinal and liver 

cells, showed no toxicity of pristine MMT but only its modified forms that contained 

organic components, suggesting that organic modifier could also be driving the 

toxicological effect in the HepG2  (Maisanaba et al., 2013a), Caco-2 (Sharma et al., 2010) 

or HUVEC cell lines (Maisanaba et al., 2015). Complementarily, Janer et al. found that 

the MMT functionalized with organic modifier induced a greater loss in cellular viability 

than the pristine MMT, across five different cell lines (human burkitt’s lymphoma cell 

line (Ramos), A549, colorectal carcinoma cell line (HCT 116), human melanoma cell line 

(SK-MEL 28) and HepG2) (Janer et al., 2014). This confirmed further the lower toxicity 

profile of pristine MMT compared to its organically modified forms.  
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It is also important to add that the cytotoxic potential of NLS can vary markedly, even for 

the same type of layered silicate, as a result of a different mineralogical content and 

different physicochemical properties, dependent on its geological formation conditions. 

In this context, Gormley et al. showed that different samples of MMT (from different 

regions of extraction) exhibited varying degrees of cytotoxicity towards macrophages 

(P388D 1 cells) and that much of the variability was attributed to the SiO2 polymorphs 

(Gormley & Addison, 1983).   

Few studies have investigated the in vitro toxicity of SLS and the selection of cell lines 

was dictated by the potential application of these NMs in bone tissue engineering. For 

example, Laponite® (type of SLS) exhibited a high degree of cytocompatibility toward 

human mesenchymal stem cells (Gaharwar et al., 2013; Carrow et al., 2018) and human 

adipose derived stem cells (Mihaila et al., 2014), promoting osteogenic differentiation. It 

has been postulated that the release of ions (Si4+, Mg2+, Li+) from Laponite® particles may 

stimulate the differentiation (Gaharwar et al., 2013). 

The mechanism of cellular toxicity of layered silicates, to date, is poorly understood and 

different primary mechanisms have been proposed. Early studies indicate that MMT and 

bentonite exhibit their toxicity through rapid association of silicates with the outer 

membrane of cells and complete cell lysis. This has been shown in a number of studies, 

using different types of cells: MMT and bentonite caused cell lysis in human umbilical 

vein endothelial cells (HUVECs) (Murphy et al., 1993), primary murine spinal cord 

neurons (Murphy et al., 1993), human lung fibroblasts (Geh et al., 2006), human 

neutrophils and many types of erythrocytes (WHO, 2005). In addition, MMT and 

kaolinite (type of 1:1 layered silicate) were shown to interact with lipids in artificial lipid 

bilayers altering permeability of these vesicles (Woodworth et al., 1982). It has been 

proposed that the lytic activity of MMT and bentonite originate from its surface properties 

as it was completely inhibited when samples were heated to 500°C or coated with 10 % 

albumin, which changed particles surface characteristics (WHO, 2005). The lytic 

property is however not a general phenomenon, as the cell lysis was not observed in other 

cells such as neuroblastoma cells (N1E-115) (Murphy at al., 1993). Other pathways have 

been postulated in MMT toxicity such as: oxidative stress (Maisanaba et al., 2014; Lordan 

et al. 2011; Baek et al., 2012), mitochondrial damage through matrix and inner membrane 

degradation (Maisanaba et al., 2013b), DNA damage (Maisanaba et al., 2014; Houtman 

et al. 2014; Sharma et al., 2010; Li et al., 2010), effects on cellular morphology and 
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structure (Maisanaba et al., 2014; Wagner et al., 2017), apoptosis (Geh et al., 2006) and 

inflammation (Connolly et al., 2019; Chen et al., 2017; Wiemann et al., 2020). In 

addition, Cloisite®Na+ (pristine MMT) was found to deregulate genes associated with 

cellular metabolism and apoptosis/survival (Maisanaba et al., 2016). Hectorite has been 

shown to induce severe morphological deterioration in neuroblastoma cells (N1E-11) 

(Banin & Meiri, 1990), however details are not provided by authors. 

Several studies indicated that the particle size contributes to the layered silicate in vitro 

toxicity, where smaller silicate particles elicit lower toxicity (Sharma et al. 2010; Tee et 

al. 2015; Verma et al. 2012). However, there is also a study indicating results that are 

contrary to this (Wagner et al. 2017), and another where no difference between larger (7 

– 9 µm) and smaller (5 – 7 µm) silicate particles were found, however both particle 

fractions were in micro-sized range (Janer et al., 2014).  

 

1.3.6 Layered silicate toxicity in vivo  

The animal studies are relatively limited in terms of potential toxicity of tested layered 

silicate NMs. WHO reviewed in 2005 the outcomes of bentonite in vivo studies that 

involved single exposures via the intratracheal instillation route and concluded that 

“single intratracheal injection of moderate amounts (0.16 – 0.27 g/kg of body weight) of 

finely powdered bentonite into rodents evoked responses indicative of cytotoxic effects as 

well as rapid and/or long-lasting irritation of or damage to the lungs… but the effects of 

smaller intratracheal doses on rats were uncertain”(WHO, 2005). It is often difficult to 

compare the data obtained in studies on bentonite that are found in the literature and 

included in WHO report. This is mainly due to different origins of samples with varying 

number and ratios of minerals (including MMT) and silica in the studied samples. 

Bentonite (40 – 60 mg per rat (200 – 300 g), bentonite particle size < 2 µm) has been 

shown to induce, so-called by authors, storage foci in lungs three to six months following 

single intratracheal administration in rats with no signs of fibrosis (Ungváry et al., 1983; 

Timar et al., 1966; Tátrai et al., 1983). Timar et al. provided evidence that the storage 

foci, induced by bentonite sample, originate from MMT and not from the quartz or other 

impurities, by comparing samples with varying proportions of minerals, including MMT 

(Timar et al., 1966). The storage foci consisted of macrophage derived cells of low 

metabolic activity, containing large amounts of MMT and persisted in lungs for 6 months 



 

12 

 

with no signs of cell toxicity (Ungváry et al., 1983). Thus, it suggests that the clearance 

of bentonite/MMT from the lung is relatively long (Ungváry et al., 1983). Interestingly, 

MMT has been shown to have a protective effect against the fibrinogenic effect of quartz 

and cristobalite (Timar et al., 1966). Intratracheal administration of dusts containing 

varying proportions of MMT, quartz and cristobalite, showed that only the mixture 

containing 15 % MMT and 65 % quartz induced fibrosis in rats (Timar et al., 1966). By 

contrast, dusts containing 55 – 98 % MMT and no quartz or cristobalite; 30 % quartz or 

15 % quartz and 30 % cristobalite did not induce fibrosis (Timar et al., 1966). Authors 

suggested that MMT coated the surface of quartz and cristobalite, therefore inhibiting its 

cytotoxic potential (Timar et al., 1966). Interestingly, 12 – 72 hr post-administration of 

bentonite and DQ12 (40 mg per rat (200 – 280 g)) resulted in identical histological 

reactions (increase in lipids and phospholipids content, leukocytes and macrophages 

infiltration) (Tátrai et al., 1983). However, unlike bentonite, the single intratracheal 

administration of 40 mg of DQ12 caused progressive pulmonary fibrosis, in rats, 90 days 

after exposure (Tátrai et al., 1983). Similarly, single intratracheal instillation of bentonite 

(1.2 mg per rat (200 – 250 g)) elicited a transient effect (measured by cells count, total 

protein and fibronectin in bronchoalveolar lavage fluid (BALF)) on rat lung, which even 

outscored the early effect of the same dose of DQ12, on day 3 (Wiemann et al., 2020). 

However, the changes induced by bentonite as opposed to the DQ12, decreased down to 

the control level on day 21 (Wiemann et al., 2020). In addition, in the same study it was 

demonstrated the bentonite is far more bioactive than kaolin, in in vitro as well as in vivo 

studies, despite similar chemical composition, structure and size, suggesting that the toxic 

effect can vary markedly according to the particular aluminosilicate (Wiemann et al., 

2020). In a recent study, Stueckle et al. investigated the toxicity of pre- and post-

incinerated pristine MMT (Cloisite®Na) and organically modified MMT (Cloisite®30B) 

in the mouse model exposed to particles via a oropharyngeal aspiration (30 μg or 300 μg 

per mouse) (Stueckle et al., 2018). The study showed that pristine MMT induced a robust 

acute inflammatory response measured by recruitment of immune cells, presence of 

particle laden granulomas, cell injury (increased LDH and total protein level in BAL 

fluid) as well as an increase in pro-inflammatory- and fibrosis- associated cytokines 

(Stueckle et al., 2018). Interestingly, the presence of organic coating and incineration of 

MMT decreased the extent and severity of lung toxicity when compared to uncoated 

particles (Stueckle et al., 2018), which is in contrast to most of the in vitro studies 
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described above. In addition, the responses to pristine MMT were more severe when 

compare to crystalline silica (Stueckle et al., 2018). 

It has been shown that several alluminosilicates (bentonite, halloysite and surface 

modified MMT) changed the biophysical properties of a model of pulmonary surfactant, 

which as authors concluded, “may be responsible for undesired physiological effects in 

vivo” (Kondej & Sosnowski, 2013). MMT has also been shown to cause acute liver injury 

following administration via the tail vein (Isoda et al., 2017).  

 

1.3.7 Lithium and fluoride toxicity  

A proportion of lithium and fluoride, which is introduced to the SLS during chemical 

formulation, is not ionically bound to the clay structure. 

When SLS particles are dispersed in the cell culture media, lithium and/or fluoride ions 

may become free in the media, either by dissociation from layered silicate particles or due 

to ion exchange processes with other ionised molecules presented in cell culture media. 

For example, fluoride can combine with calcium, which is present in cell culture medium, 

and can easily permeabilise the cell membrane (Barbier et al., 2010). In addition, it was 

shown that fluoride disrupts the calcium homeostasis by having both inhibitory and 

stimulatory effects on calcium pumps (Narayanan et al., 1991). In acidic dilute aqueous 

solutions of fluoride, such as those of the lysosomes, fluoride forms hydrogen fluoride 

(HF). Compare to dissociated fluoride ion the neutral and relatively small molecule of HF 

is able to permeate cell membranes at much faster rates, which can result in more marked 

intracellular intake and in consequence greater toxicity (Barbier et al., 2010). It was 

demonstrated that membrane penetration of HF is five to seven orders of magnitude 

greater than fluoride ion (Gutknecht & Walter, 1981). Fluoride can induce oxidative 

stress, which is recognised mode of fluoride toxicity mechanism and was demonstrated 

in several types of tissues and cells (Barbier et al., 2010), including macrophages (RAW 

264.7), where exposure to fluoride at concentrations of NaF above 109 mg/L resulted in 

the generation of oxidants with accompanied significant increase in lipid peroxidation 

(Vélez at al., 2016). Fluoride is also thought to decrease the activity of antioxidant 

enzymes such superoxide dismutase, glutathione peroxidase and catalase (Bharti & 

Srivastava, 2009). In addition, nicotinamide adenine dinucleotide phosphate (NADPH) 

oxidase was shown to be activated in vitro (neutrophils) by relatively high concentrations 
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of fluoride (1260 mg/L NaF) (Wolfl et al., 1996). Fluoride can activate nuclear factor 

kappa B (NF-κB), thus influencing inflammatory responses (Barbier et al., 2010). For 

example, depending on the concentration, fluoride can downregulate (at 10.9 and 43.6 

mg/L NaF) or upregulate (at 109 mg/L NaF) pro-inflammatory genes in macrophages 

(RAW 264.7) (Vélez et al., 2016), whereas increased expression of cytokines, interleukin 

(IL)- 8 and IL-6, was observed in human epithelial lung cell line (A549) at 210 mg/L NaF 

(Refsnes et al., 1999). In addition, research data demonstrated that fluoride induced 

apoptosis in several cell lines (Ribeiro et al., 2017), including lung epithelial cells (A549 

(at 210 mg/L NaF, 10 hr exposure), BEAS-2B (at 21 mg/L, 48 hr exposure) and primary 

rat primary type 2 cells (at 42 mg/L NaF, 8 hr exposure)) via p38 mitogen activated 

protein kinases (MAPK) (Thrane, 2001; Ying et al., 2017). In aqueous solutions fluoride 

can interact with aluminum, at pH 6.2 – 9.0, to form AlF3 and AlF4
-. These complexes 

are of high biological relevance because they can act as a G protein activators (Li, 2003) 

that can affect several signalling pathways (Barbier et al., 2010), and since the chemical 

structure of layered silicates contains Al it is factor that needs to be considered.  

Lithium is widely used as a standard treatment in bipolar affective disorder and there is 

growing evidence proposing that inflammation may be involved in the physiopathology 

of bipolar disorders (Nassar & Azab, 2014). However, literature describing the impact of 

lithium on inflammation process reveals conflicting results. Most of the studies suggest 

that the antidepressant effect of lithium is related to its anti-inflammatory effects by 

decreasing levels of pro-inflammatory cytokines such as tumour necrosis factor alpha 

(TNF-α) or IL-6 (Raghavendra et al., 2014). For example, lithium (LiCl at 10 mM, for 1 

hr) significantly decreases levels of IL-6 and TNF-α, while increasing IL-10 level, in 

lipopolysaccharide- (LPS) stimulated human monocytes (Martin et al., 2005). However, 

one can also find a number of studies which suggest that lithium has pro-inflammatory 

properties. Using the macrophage cell line (Raw 264.7), it was demonstrated that lithium 

significantly increased TNF-α secretion from a concentration of 2 mM (6 hr treatment) 

via NF-κB pathway (Hull et al., 2014).  Similarly, lithium was found to induce production 

of pro-inflammatory cytokines, IL-6 and TNF-α, while inhibiting release of anti-

inflammation- related cytokines in neutrophils (HL-60 cells) (Matsebatlela et al., 2012). 
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1.3.8 Health concerns related to layered silicate NMs  

SLS are produced as dry powders (BYK Additives & Instruments, 2014); therefore, 

inhalation is considered as an important route of exposure, in occupational settings. 

Similarly, inhalation is considered as the dominant pathway in workers exposed to dust 

containing NLS during mining and processing silicates (Stueckle et al., 2018). In 

addition, many products containing layered silicate NMs, such as sprays, paints may 

likewise lead to inhalation by consumers. Therefore, exposure to layered silicate NMs 

can lead to potentially substantial deposition of these NMs in the respiratory tract, 

including alveolar region (Sanchez et al., 2012; Stueckle et al., 2018). In addition, raising 

demand for layered silicate NMs (Connolly et al., 2019; Zhu & Njuguna, 2014) will lead 

to an increase in airborne occupational and consumer exposure. Since there is a lack of 

pulmonary toxicity data, it is therefore essential to investigate any potential adverse health 

effect associated with layered silicates NMs, especially in terms of manmade varieties. 

The available data on workers exposed to other types of layered silicates demonstrated 

several adverse health effects on lungs, which strongly depend on the type of silicate 

under investigation and the presence of other minerals, with the silica content as the main 

causative agent driving pulmonary toxicity. For example, the exposure to bentonite dust 

(containing quarz) in occupational settings, at concentrations much higher than present 

occupational exposure limits (OELs), was associated mainly with  pneumoconiosis 

(Maxim et al., 2016). However, calcium MTT (called often Fuller's earth) in the absence 

of quartz has been reported to induce pneumoconiosis, with slight fibrosis (Gibbs & 

Pooley, 1994), suggesting that silicate itself, without crystalline silica presence, can cause 

pulmonary toxicity. Long-term and heavy exposure to kaolin and talc causes the 

development of pneumoconiosis, often referred to as kaolinosis or talcosis, respectively 

(WHO, 2005), however the effect again is mainly related to the presence of other 

minerals, such as quartz (Carretero et al., 2013). On the other hand, epidemiological 

studies of workers exposed to sepiolite and palygorskite indicated that dust containing 

these minerals does not increase the risk of pulmonary disease (Carretero et al., 2006). 

Currently, there is a limited number of studies aiming to investigate the effect of smectites 

on the respiratory track following inhalation, however some studies suggest that this types 

of layered silicates can cause a mild, dose-dependent fibrogenic response, however at 

high exposure levels, but again mostly associated with the silica content (Carretero et al., 

2013). 2006).  



 

16 

 

The health concerns, regarding layered silicates, are associated with their: (i) platelet 

morphology and their ultrathin nature (at nanoscale) which can potentially lead to their 

deposition in the respiratory region of the lung following inhalation which is associated 

with a higher risk for the initiation of lung diseases; (ii) high aspect ratio resulting from 

its platelet nano sized thickness and lateral length and/or width of up to several microns; 

(iii) chemical composition of NLS - presence of crystalline silica in their structure; (iv) 

high surface area per unit mass due to their nano sized thickness; and  (v) chemical 

composition of SLS - commercial layered silicate NMs are available with a varying 

lithium and fluoride content.  

 

1.4 Inhalation of NMs 

 

1.4.1 Particle deposition within the respiratory tract 

The respiratory system is responsible for gas exchange through uptake of oxygen and 

excretion of carbon dioxide. The nasopharyngeal and tracheobronchial region heats, 

humidifies and filters the air, which is then transported to bronchioles and finally to the 

respiratory zone, where the gas exchange occurs. With a vast internal surface area of 150 

m2 and a very thin air-blood barrier in the alveoli (2.2 μm or thinner) (Gehr et al., 1978), 

the human respiratory tract provides a portal of entry for a wide range of substances, 

including particles. The pathogenicity is dependent not only on the particle itself but also 

on the site of deposition. The latter is influenced by particle characteristics (size being the 

major determinant, as well as shape, density and surface charge), but also on airways 

geometry (differences between species, gender and age), breathing pattern and route 

(nose/mouth) (Kreyling et al.,  2013;  Stone et al., 2017). The respiratory zone of the lung, 

which includes alveolar and terminal bronchiolar compartment, is most susceptible to the 

effect of particles and is considered to be the part of the lung of greatest health concern 

(Donaldson et al., 2011). Figure 1.3 shows the schematic representation of human 

respiratory tract and size dependent deposition of particles. 

Five mechanisms govern particle deposition: inertial impaction, gravitational 

sedimentation, Brownian diffusion, interception (dominant mechanism for elongated 

particles such as fibers) and electrostatic precipitation (for charged particles) (Tsuda et 
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al., 2013). Those various deposition mechanisms are taking place at different parts of the 

respiratory tract and are dominant for certain particle sizes.  

International Commission on Radiological Protection (ICRP) has been developed for 

predicting total and regional deposition of particles in the human respiratory tract (ICRP, 

1994). According to ICRP, particles with an aerodynamic diameter of 10 µm most likely 

deposit within the upper region of respiratory tract due to gravitational sedimentation and 

inertial impaction (ICRP, 1994; Heyder, 2004; Tsuda et al., 2013). Particles in the 

submicron range, which were not deposited within the nasopharyngeal region, are able to 

penetrate the tracheobronchial and alveolar regions, due to diffusion and sedimentation, 

as a result of decreased air flow (Heyder, 2004). The deposition increases in all three 

regions of the lung with decreasing particle diameter below 0.5 µm due to the increasing 

diffusion mobility. However, the probability of particles to hit airspace surfaces is much 

greater in the lung periphery with its small airway dimensions, therefore deposition, of 

this size particles, is greatest in the alveolar region (Borm et al., 2006).  
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Figure 1.3. Human respiratory tract and particle deposition. 

A) A schematic illustration of the human respiratory tract divided into the nasopharyngeal region (nose 

mouth and throat; blue), the tracheobronchial region (green) and the alveolar region (red). B) Particle 

deposition in the major regions of the human respiratory tract during nose breathing. Adapted from 

(Oberdörster et al.,  2005). 

 

For non-spherical particles, like fibres and platelets, aerodynamic diameter (Dae) will 

determinate their deposition site. It is known that high aspect ratio particles like fibres are 

able to penetrate the lung periphery despite having one of the dimensions greater than 

respirable cut-off of 4.25 µm (Donaldson et al., 2010; Donaldson & Poland, 2013; Poland 

et al., 2008). Similarly, SLS and NLS NMs, although possessing lateral dimension above 

respirable diameter are capable of penetrating the alveolar region, as a result of platelets 

oriented parallel to the stream of air due to air resistance, presenting sufficiently low Dae. 

Sanchez and colleagues estimated the deposition fraction for another platelet type NM, 

graphene, ranging from 5 nm to 100 µm in lateral dimensions and having thickness of 

0.34 nm, in the nasopharyngeal, tracheobronchial and alveolar region (Sanchez et al., 

2012). The calculations showed that 45% of the 0.5 µm graphene nanoplatelets, in the 

lateral dimension, can deposit in the alveolar region (Sanchez et al., 2012). Interstitially, 
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graphene as large as 25 µm, with the smallest dimension transversely orientated, can 

travel to the alveolar region with efficiencies up to 10% (Sanchez et al., 2012). As layered 

silicates NMs possess plate-like structure, similar to graphene, these calculations can be 

applicable to the particles under investigation in this thesis. However, it is important to 

add that layered silicates in the powder form, can undergo agglomeration, due to 

electrostatic and van der Waals forces. Therefore, the realistic uptake of layered silicates 

by inhalation will be characterised by pulmonary transport of agglomerated particles 

exhibiting irregular shapes rather than single particles. This can lead to a decrease of 

alveolar deposition of agglomerates as their lateral dimension and thickness increases.  

 

1.4.2 Clearance of particles from the lung 

The respiratory system has developed several mechanisms to clear deposited particles in 

order to avoid prolonged exposure, which may lead to adverse effects on the lung or 

particle translocation to secondary organs.  

In the uppermost part of the respiratory tract, the nasal-pharyngeal region, deposited 

particles are easily cleared by mechanical methods: coughing and sneezing (Puisney et 

al., 2018). In the tracheobronchial region the mucociliary escalator is the primary 

clearance mechanism. The airway epithelial goblet cells and submucosal glands secrete a 

two-layer (sole and gel phase) mucus covering the ciliated epithelium (Blank et al., 2017). 

Insoluble particles are trapped in the thick gel layer which is then transported to the 

pharynx, by the synchronously beating of epithelial cilia, and subsequently expelled out 

of the lungs by expectoration or swallowed into the gastrointestinal tract (Puisney et al., 

2018). The mucociliary escalator is a very efficient clearance mechanism and the 

deposited particles are eliminated from the human airways within 24 hr (Puisney et al., 

2018). 

Beyond the ciliated airways, in the alveolar and terminal bronchiolar region, the clearance 

is dependent on the alveolar macrophages (Donaldson et al., 2011). Each of the 480 

million alveoli in human lungs is patrolled by 12 – 14 resident alveolar macrophages 

(Ochs et al., 2004; Stone et al., 1992). The clearance kinetics in the lung periphery is 

much slower, compared to tracheobronchial region, due to the absence of ciliated 

epithelium, and may take weeks to months (Geiser, 2010; Puisney et al., 2018). Upon 

particle uptake, macrophages are cleared via movement, through extension of a 
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protrusion, called lamelliopodia, towards terminal bronchioles at the foot of the 

mucociliary escalator (Blank et al., 2017). The exact mechanism by which alveolar 

macrophages are drawn toward the escalator is not yet fully understood. Depending on 

the loading of inhaled particles, alveolar macrophages may also remain in the alveoli due 

to impairment in cell motility, as a consequence of so-called mechanism of overload 

(Geiser, 2010), which was seen in vivo in rats (Barlow at al., 2008). The recognition of 

particles by macrophages and their subsequent uptake determines the effectiveness of the 

clearance from alveoli. As the macrophage uptake of particles in the micro range scale is 

more efficient compared to the nano sized particles, there is a higher probability of NMs 

to be missed by macrophages (Oberdörster et al., 2005). In this case, the very thin alveolar 

epithelium will become increasingly exposed to NMs which may lead to particle 

translocation over the epithelium and capillary endothelium and as a consequence 

particles may enter the systematic circulation and reach secondary organs (Mühlfeld et 

al., 2008).  

In addition, clearance of deposited particles within the respiratory tract can occur via 

particle dissolution in epithelial lung lining fluid (pH ~ 7.4) and intracellularly in 

phagolysosomes (pH ~ 4.5), leading to release of soluble species. Particles dissolution 

products may be eventually cleared into blood and lymphatic circulation (Oberdörster et 

al.,  2005). 

 

1.4.3 Macrophages  

Macrophages play a central role in the innate immune system. Macrophages are 

strategically located throughout the body: as the before mentioned alveolar macrophages 

are located in the lung alveoli, Kupffer cells are located in the liver, osteoclasts are present 

in the bone or microglia in the brain. Their main function is to act on foreign material 

contamination, such as bacteria, particles, as well as on misfolded proteins or injured cells 

and cell debris, and lead to their clearance from the body (Murray & Wynn, 2011). 

Macrophages express, on the cell surface, several classes of pattern recognition receptors 

(PRRs) that recognise pathogen-associated molecular patterns (PAMPS) from the 

microbes as well as certain endogenous protein molecules (Gattorno & Martini, 2016). 

The ligand – receptor interaction initiates a number of crucial events that include uptake 

and production of a wide range of enzymes, oxidants, chemokines and cytokines, which 

in turn lead to initiation and orchestrating the immune responses and the recruitment of 
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further immune cells (Gattorno & Martini, 2016). Alveolar macrophages are replenished 

by their capacity for self-renewal and/or are generated from the bone marrow 

haematopoietic stem cells which are released into the blood circulation in a form of 

macrophage precursors, called monocytes (Hussell & Bell, 2014). Thus, monocytes play 

important function of renewing the pool of macrophages present in different types of 

tissues (Murray & Wynn, 2011). During both homeostasis and pathological processes, 

such as inflammation or presence of contaminant, circulating monocytes leave the 

bloodstream and migrate into the alveolar space, displaying a pro-inflammatory 

phenotype with high phagocytic activity (Lambrecht, 2006; Shi & Pamer, 2014). 

Following the penetration of the endothelium, over a course of few days, in the presence 

of macrophage colony stimulating factor (M-CSF) secreted by epithelial cells, they 

differentiate into macrophages by undergoing a number of morphological and functional 

changes (Lambrecht, 2006). This includes cell enlargement, intensification of 

metabolism, increased sensitivity to the signalling molecules, increased number of 

organelles, increased lysosomal enzyme activity and enhanced number of surface 

receptors (Bobryshev et al., 2016, Tomlinson et al., 2012). 

Alveolar macrophages are known to be able to adopt their functional phenotypes based 

on the conditions in the surrounding environment (Boraschi et al., 2017). In addition, they 

adhere closely to lung epithelium and these cells are able to restrict inflammatory 

responses of alveolar macrophages through cell contact-mediated mechanisms (via αvβ6 

integrin) (Hussell & Bell, 2014; Lambrecht, 2006). It has been suggested that 

macrophages may acquire one of two phenotypes: the classically activated M1 phenotype, 

involved in inflammatory responses, and the alternatively activated M2 phenotype, 

involved in anti-inflammatory signals (Gattorno & Martini, 2016). However, in a healthy 

subject, macrophage remains in M1/M2 mixture state rather than strict M1 or M2 

phenotype (Tan et al., 2016). T helper (Th)1 mediated cytokines, such as cytokines 

interferon gamma and TNF-α, as well as microbial stimuli such as LPS, polarise 

macrophages into M1 phenotype, whereas Th2 cytokines, such as IL-4 or IL-10, polarise 

macrophages to M2 phenotype (Gattorno & Martini, 2016; Robb et al., 2016). The M1 

polarisation of macrophages leads to upregulation of genes which are associated with 

inflammation, such as toll-like receptors (TLR), chemokines and pro-inflammatory 

cytokines, leading to the antigen presentation and recruitment of other immune cells 

(Shaykhiev et al., 2009). The M2 phenotype is characterised by upregulation of receptors 

with scavenger functions, anti-inflammatory cytokines and molecules implicated in tissue 
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remodelling and repair, such as IL-10, transforming growth factor beta (TGF-β) and 

prostaglandin E2 (Robb et al., 2016; Shaykhiev et al., 2009). An increase in M1 

phenotype in alveolar macrophages is associated with many inflammatory lung diseases. 

 

1.4.3.1  J774A.1 as in vitro model  

Alveolar macrophages, as mentioned before, are cells of key importance when assessing 

pulmonary toxicity induced by NMs, because they are continuously exposed to inhaled 

stimuli. In this study the murine J774A.1 macrophage cell line was used as a surrogate of 

alveolar macrophages. This cell line was previously shown to provide a comparable 

response to that of human peripheral blood mononuclear cells (PBMC) (intracellular 

calcium and pro-inflammatory responses), following PM10 treatment (Brown et al., 2004) 

and has been extensively used in in vitro studies of pulmonary toxicity of various NMs 

(Boyles et al., 2018; Boyles et al., 2015; Brown et al., 2004; Rothen-Rutishauser et al., 

2010; Ma et al., 2015; Yue et al., 2012). In addition, alveolar macrophages primarily 

occur as adherent cells, thus utilising adherent cell line, such as J774A.1 will allow to 

represent this phenotypic behaviour.  

 

1.5 Cellular responses to NMs 

 

1.5.1 Particle uptake  

Particle uptake per se does not automatically correlate with the cytotoxicity of NMs. 

However, assessment and the knowledge of the mechanism of cellular entry helps to 

understand cellular outcomes and potential hazard of NMs. For example, some endocytic 

pathways directly correspond to the anti-inflammatory responses, whereas other 

pathways will trigger pro-inflammatory pathways. In addition, the cellular uptake 

mechanism of NMs will have a direct consequence on its intracellular localisation; certain 

pathways lead to accumulation of NM within lysosomes, while others avoid particles 

entering degradative pathways and can lead to NM accumulation within other cellular 

organelles.  

The mechanisms by which the material is internalised by macrophages is classified as 

endocytosis. The endocytosis can be divided into two different cellular uptake 
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mechanisms: pinocytosis (fluid phase uptake which includes: macropinocytosis, clathrin-

dependent, caveolae-dependent and clathrin/ caveolae-independent pinocytosis) and 

phagocytosis (Gustafson et al., 2015). Cells are utilising such a diverse uptake 

mechanisms in order to complete different tasks: destroying foreign materials and 

obtaining nutrients and biological mediators from the surrounding environment.  

The specific mechanism by which particles are taken up by cells is strongly influenced 

by their physicochemical properties, with the size as the main feature influencing the 

endocytic pathway (Kou et al., 2013). Of high importance is also the so-called protein 

corona present on the particle surface, as in in vivo scenarios cells do not encounter bare 

NMs. For example, inhaled particles deposited in the alveoli will come into contact with 

lung surfactant. Pulmonary surfactant is a mixture of phospholipids (~90 %) and the four 

specific surfactant proteins (SP)-A, -B, -C, and -D (~10 %) which function to decrease 

surface tension during the breathing cycle, preventing the collapse of alveolar sacs 

(Schleh & Hohlfeld, 2009). Both SP-A and SP-D proteins participate primarily in immune 

responses through binding to cell surface receptors of immune cells via a carbohydrate 

recognition domain (CRD) (Schleh & Hohlfeld, 2009). The coating of the particles with 

these proteins will promote recognition, subsequent uptake and clearance by phagocytic 

cells. Similarly, varying proteins and lipids that are present in media commonly used in 

in vitro experiments, have the ability to form a protein corona on the surface of particles, 

thereby influencing particle-cell interactions (Brown et al., 2014; Fadeel, 2019). For 

example, the acute in vitro toxicity of opsonised crystalline silica, although phagocytosed 

at a faster rate, was dramatically reduced compared to uncoated or non-specific coated 

silica, in macrophages, as a consequence of different uptake mechanism (Gilberti et al., 

2008). Binding of opsonic proteins, such as immunoglobulins and complement protein, 

will promote uptake of these particles by macrophages, whereas dysopsonins, for 

example apolipoproteins and serum albumin, may inhibit the uptake (Gustafson et al., 

2015). Thus, it is important to keep in mind that different in vitro exposure conditions 

may lead to conflicting results, for the same NM investigated. However, due to the 

complexity and dynamic nature of the protein corona, involving hundreds of 

biomolecules in both the soft (more loosely associated and rapidly exchanging 

biomolecules) and hard (tightly bound biomolecules) layer, it still remains impossible to 

predict the composition of the protein corona on the surface of particular NM and its 

biological consequences.  
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Phagocytosis is the macrophages’ primary uptake mechanism for larger particles in the 

range of 1 – 5 µm (Park & Oh, 2014). Phagocytosis is only limited to professional 

phagocytes: monocytes/macrophages, neutrophils and dendritic cells. It is a highly 

regulated process that involves binding of foreign materials to the opsonin dependent cell 

surface receptors, such as: Fc receptors, complement receptor (CR), mannose receptor 

(MR), scavenger receptor (SR) or toll-like receptor (TLR) (Geiser, 2010). In the absence 

of opsonin macrophages can also use specific surface receptors to uptake nanoparticles, 

suggesting the ability of membrane receptors to intrinsically recognise bare nanomaterials 

(Lesniak et al., 2012; Mukherjee et al., 2018). Different signalling pathways, and in 

consequence different cellular responses, are induced depending on the activated receptor 

leading to either pro-inflammatory (for example though Fc receptors) or anti-

inflammatory actions (for example through Tyro3, Axl and Mer (TAM) receptors) 

(Conner & Schmid, 2003). Formation of a ligand-receptor complex initiates intracellular 

signalling, mediated by the Ras homologous (Rho)-family guanosine triphosphate (GTP)-

ases, leading to actin polymerisation and appearance of membrane extension around the 

foreign material, called pseudopodia, followed by development of internal vesicles 

(Geiser, 2010). Firstly, engulfed material is enclosed within a phagosome which fuses 

with a lysosome, creating a phagolysosome, accompanied by progressive pH reduction 

(to final pH of 4.5 - 5), where the ingested material is degraded through 50 different 

lysosomal enzymes and by production of oxidants (Geiser, 2010). For non-spherical 

particles also shape (intimately coupled to particle size) will play an important role in the 

effectiveness of phagocytosis. Champion et al. showed, using a series of disk-shaped 

polystyrene particles with different aspect ratios, that the local particle shape, measured 

by tangent angles, at the point of initial contact determinates whether macrophages initiate 

phagocytosis and the rate of the particle uptake (Champion & Mitragotri, 2006). The 

authors showed that the uptake was much quicker when cells encountered particles along 

their major axis, due to an increase in the number of contact points (Champion & 

Mitragotri, 2006). As such, the uptake of plate–like particles is expected to be initiated 

and at faster rate when cell encounter particles along their lateral dimension (along their 

greater dimension). However, if the cell is attempting to phagocyte foreign material 

exceeding the maximal length for complete phagocytosis, this can cause so called 

frustrated phagocytosis. The failure in phagocytosis leads to phagosomes being open to 

the extracellular environment, allowing continued generation and excretion of pro-

inflammatory cytokines and oxidising species (Boyles et al., 2015; Brown et al., 2007). 
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With repeated exposure, this may lead to persistent presence of particles, accumulation 

of a toxic dose, and ultimately leading to chronic inflammation (Donaldson & Poland, 

2013). The frustrated phagocytosis is related to fibre shaped particles. Schinwald and 

colleagues identified in vivo threshold cut-off lengths for fibers above of 14 µm to induce 

pulmonary inflammation (in mice following aspiration), however, as authors suggested, 

the threshold length for clearance of fibres in humans by alveolar macrophages may be 

slightly higher due to the greater size of human alveolar macrophages (Schinwald et al., 

2012). 

In addition, larger particles (0.2 – 10 µm) can be also engulfed by macrophages through 

macropinocytosis (Geiser, 2010). This mechanism is used by cells for nutrient uptake and 

for sampling the extracellular environment for subsequent immune responses and NMs 

located near the plasma membrane are thereby coincidentally internalized. However,  the 

cargo absorbed this way is non-specific as it is not regulated by the direct action of a 

receptor or the cargo molecules (Conner & Schmid, 2003). Similarly to phagocytosis it is 

an actin depended process, driven by Rho-family GTPases, usually in response to growth 

factors that trigger formation of membrane protrusions, which unlike in phagocytosis, 

collapse onto and fuse with cell membrane forming large vesicles: macropinosomes 

(Conner & Schmid, 2003). Macropinosomes enter the endocytic pathway by either 

recycling the content back to cell membrane, or maturing and finally fusing with 

lysosomes, where the content can be degraded (Maltese & Overmeyer, 2014).  

Smaller particles can be internalised through caveolae-mediated endocytosis, clathrin-

mediated endocytosis, and clathrin-independent and aveolae -independent endocytosis, 

with each being subjected to slightly different size constraints. Clathrin-mediated 

endocytosis is responsible for internalisation of particles that are 100 – 350 nm in 

diameter in clathrin coated pits (Geiser, 2010). This endocytosis pathway is carried out 

by all mammalian cells in order to obtain essential nutrients and plasma membrane 

constituents, such as the low-density lipoprotein and transferrin (Conner & Schmid, 

2003). It requires binding of the ligand to a specific receptors in the cell membrane, which 

cause the formation of clathrin coated pits, followed by delivering its content to early 

endosomes and finally fusing with degradative lysosomes (Hillaireau & Couvreur, 2009). 

Particles in the size range of 20 – 100 nm can be taken up via caveolae-mediated 

endocytosis (Gustafson et al., 2015). Unlike, previously described mechanisms, the 

engulfed content in caveosomes avoids fusions with lysosomes, and is therefore protected 
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from exposure to low pH and hydrolytic enzyme (Conner & Schmid, 2003). The 

caveosomes are then delivered to the endoplasmic reticulum (ER) or Golgi complex 

which may lead to accumulation of material taken up by this way within these organelles 

(Kou et al., 2013). In addition, due to the close proximity of the Golgi apparatus and ER 

to the nucleus, caveolae-mediated endocytosis may lead to accumulation of NMs within 

the nucleus. 

It is also important to add, that several uptake pathways may be used simultaneously, 

especially for polydispersed NMs or agglomerates, which adds to the complexity of 

cellular interaction with NMs.  

All aforementioned mechanisms of entry lead to an enclosing of particles within 

membrane bound vesicles and ultimately degradation, if possible, in lysosomes (except 

caveole-mediated endocytosis). Some particles, however, can also enter the cells via 

alternative processes such as through specific channels or possible passive diffusion 

through the membrane (Lacerda et al., 2012; Russier et al., 2013) allowing their direct 

interaction with the cytoplasm and cellular organelles. It is also possible that particles are 

present free in cytoplasm due to NMs escaping the endosomes, as a result of 

endosomolysis (Ahmad et al., 2019).  

 

1.5.2 Oxidative stress  

Oxidative stress is a well-known mechanism underlying NM induced toxicity (Stone et 

al., 1998; Nel et al., 2006a; Donaldson & Poland, 2012). Oxidative stress is a result of 

increased production of reactive species and accompanied insufficient protection by 

cellular endogenous antioxidants and enzymes.  

Macrophages are able to generate a wide variety of reactive oxygen species (ROS) and 

reactive nitrogen species (RNS) (Geiser, 2010). ROS are highly reactive molecules, 

containing one or more unpaired electrons on the oxygen atom, as well as nonradical 

reactive species that can be easily transformed into radicals (Ferreira et al., 2018). The 

most important ROS are hydroxyl radical (HO·), which is the most reactive radical, 

superoxide anion (O2
−·), hydrogen peroxide (H2O2), singlet oxygen 1[O2] and 

hypochlorous acid (HOCl) (Ferreira et al., 2018). RNS is used to describe a class of 

chemically reactive molecules that contain nitrogen, such as a free radical nitric oxide 

(NO·) and peroxynitrite (ONOO–) (Ferreira et al., 2018). 
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Mitochondria are the major source of intracellular oxidant production during the 

respiratory chain, where 1 – 5 % of electrons escape from mainly complexes I and III, 

which in the presence of oxygen generate O2
−, which subsequently can give rise to other 

ROS (Holmström & Finkel, 2014). Other cell compartments also contribute to the 

production of oxidants, such as the ER and the peroxisomes (Manke et al., 2013). On the 

other hand, to prevent damage to cellular components, cells and tissues have developed 

several mechanisms which are engaged in oxidant elimination, including specific 

enzymes and antioxidants. Lung lining fluid consists of several non-enzymatic 

antioxidant species, which mostly act indiscriminately on ROS/RNS, and include 

glutathione (GSH), ascorbic acid (vitamin C), -tocopherol (vitamin E), vitamin A 

(retinoids) and albumin (Kirkham & Rahman, 2006). Among them, GSH is considered as 

the most important antioxidant which primarily functions to react with H2O2 to create 

glutathione disulfide (GSSG) (Kirkham & Rahman, 2006). Large amounts of ROS lead 

to accumulation of GSSG and a depletion of GSH, therefore the total level of GSH or the 

ratio of GSH and GSSH are used as indicators of oxidative stress in cellular extracts, 

tissues or body fluids (Stone et al., 2009). Detoxification enzymes act on particular 

oxidant and include catalase (scavenging H2O2), superoxide dismutase (SOD) 

(scavenging O2
−), glutathione peroxidase (GPx) (scavenging H2O2), glutathione reductase 

(GR) (reduction of GSSG to GSH)) and peroxiredoxins (scavenging H2O2, lipid peroxides 

and organic hydroperoxides) (Tan et al., 2016). 

The majority of ROS and RNS have a very short life, in the order of micro- or 

nanoseconds with very limited diffusion distance, and as a consequence often act on the 

site of their production. However, H2O2, due to its relatively long-lived nature and ability 

to translocate through the cellular membrane via specific aquaporins, can act as a 

intracellular signalling molecule carrying a redox signal from the site of its generation to 

a target site (Tan et al., 2016; Gough & Cotter, 2011). ROS/RNS are highly reactive and 

can interact with diverse range of biomolecules, including lipids, proteins, and DNA. 

High levels of ROS/RNS can result in changes of membrane properties which affect 

fluidity or ion transport, loss of enzyme activity, inhibition of protein synthesis, DNA 

damage, and this in turn may lead to detrimental effect on cell, including to cell death 

(Manke et al., 2013; Nel et al., 2006b; Ferreira et al., 2018). This in turn contributes to a 

range of pathologies, including respiratory illnesses like asthma or chronic obstructive 

pulmonary disease (COPD), neurodegenerative diseases, atherosclerosis and the ageing 

process (Holmström & Finkel, 2014; Kirkham & Rahman, 2006). In addition, the 

https://en.wikipedia.org/wiki/Glutathione_disulfide
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importance of oxidative stress, when assessing NM toxicity, is related not only to 

damaging properties of released ROS/RNS on surrounding molecules and tissues but also 

on their ability to influence other important signalling pathways (Fu et al., 2014; 

Holmström & Finkel, 2014). While low amounts of oxidants, in response to particles, 

trigger cytoprotective responses by activation of phase II antioxidant enzymes (which 

may be sufficient enough to overcome produced ROS/RNS) via transcription nuclear 

factor erythroid 2–related factor 2 (Nrf2), the intermediate levels of oxidants may induce 

inflammatory responses via the activation of the MAPK and NF-κB pathways (Nel et al., 

2006; Tan et al., 2016). In addition, NMs have been reported to influence intracellular 

calcium concentrations, which is an important messenger in a variety of cell functions, 

via the production of ROS. This was shown in several studies using cells of the immune 

system (Brown et al., 2004; Johnston et al., 2015; Stone et al., 2000).  

The mechanism by which ROS/RNS are generated may vary depending on the type of 

NMs and the type of cells they interact with. Some of the NMs are able to generate 

oxidants due to their intrinsic physicochemical properties, such as the presence of 

prooxidant functional groups on their surface. For example, SiO∙ and SiO2∙that are present 

on the surface of fractured quartz particles are responsible for the formation of ROS, such 

as OH∙ (Fubini & Hubbard, 2003). Various types of particles that contain transition 

metals, such as iron, copper or chromium are involved in ROS generation by Haber- 

Weiss and Fenton-type reactions, generating O2
−, HO· and hydroxide (OH−) (Manke et 

al., 2013). For example, copper oxide (II) NMs stimulate ROS production via these 

mechanisms with additional oxidants generated through dissolved copper ions (Angelé-

Martínez et al., 2017). Oxidants can also be generated by particles by gaining access to 

cellular structures, such as mitochondria, causing physical disturbance and affecting 

electron transport (Li et al., 2003). 

Macrophages, as professional phagocytes, are able to rapidly generate high levels of ROS, 

following exposure to foreign material, via NADPH, present in a phagosome membrane. 

Activated oxidase, transfers electrons from cytosolic NADPH, across the cell membrane 

of the phagocytic vacuole, to molecular oxygen to produce large amounts of O2
−, in the 

lumen of phagosomes (Holmström & Finkel, 2014; Lambeth, 2004). The O2
− can be 

further converted to other oxidants (e.g. HO·, H2O2 and HOCl), using various phagosome 

enzymes (e.g. nitric oxides synthase (NOS), and myeloperoxidase (MPO)), which can 

also be released to the extracellular environment (Johnston et al., 2018). This rapid 
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increase in the redox status of macrophages is called the oxidative/respiratory burst. Such 

a response was shown to be induced by various types of NMs including carbon nanotubes 

(Boyles et al., 2015; Brown et al., 2007) or TiO2 (Scherbart et al., 2011).  

 

1.5.3 Inflammation 

Inflammation is considered as the driving force in mechanisms responsible for the 

pulmonary toxicity observed after inhalation of NMs (Stone et al., 2017, Stone et al., 

2007; Donaldson and Poland 2012; Oberdörster et al., 2007). Inflammation is beneficial 

and vital to remove foreign stimuli and in response to injury (Robb et al., 2016). 

Inflammation is a very complex mechanism involving a wide range of molecules and a 

number of different types of immune, epithelial and endothelial cells. A successful acute 

inflammatory response concludes in the elimination of the source of inflammation 

followed by recovery and the healing phase (Robb et al., 2016). Conversely, prolonged 

presence of inflammation and occurrence in a deregulated fashion can cause destruction 

of surrounding tissues and can lead to adverse health effects (e.g. asthma, COPD and 

cancer) (Anrather et al., 2016; Donaldson and Seaton 2012; Johnston et al., 2018).  

Particles must deposit in the alveolar region in order to induce pulmonary inflammation 

(Braakhuis et al., 2014). Alveolar macrophages, whose function is to take up deposited 

particles from this region, play a major role in the initiation of a pulmonary response by 

secretion of signalling molecules and recruitment and activation of leukocytes to the site 

of inflammation (Gattorno & Martini, 2016). Thus, the influx of polymorphonuclear 

neutrophils (PMNs) observed within the BALF is considered to be an indicator of 

inflammation in in vivo studies (Albrecht et al., 2004; Duffin et al., 2001).  

Upon inflammatory stimuli, such as NMs or in the event of oxidative stress (as described 

above) caused by NMs, the pro-inflammatory mediators, called cytokines, are generated 

via activation of several pathways such as NF-κB, MAPK or phosphoinositide 3 - kinase 

(PI3-K) pathways (Gattorno & Martini, 2016; Khanna et al., 2015). Cytokines are 

proteins that mediate and regulate the inflammatory responses. Cytokines bind to cellular 

receptors and generate a cell signalling cascade that affects function of the cells that 

secrete them, nearby cells or even distant cells (Zhang & An, 2007). This includes the 

upregulation and downregulation of genes, resulting in the production or suppression of 

further cytokines (Gattorno & Martini, 2016). Their interactions are very complex and 
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often functions of different cytokines overlap, either in a synergistic or an antagonizing 

pattern (Elsabahy & Wooley, 2013; Zhang & An, 2007). According to their functional 

properties, cytokines may be classified into interleukins, chemokines, pro-inflammatory 

cytokines and anti-inflammatory cytokines (Gattorno & Martini, 2016). These signalling 

molecules are important biomarkers of NM immunotoxicity and measurement of their 

levels is a crucial step in NM safety assessment (Brown et al., 2004; Elsabahy & Wooley, 

2013). 

It is also important to mention that NMs due to their large and reactive surface area are 

prone to endotoxin contamination. Immune cells are extremely sensitive to LPS 

stimulation, and it was demonstrated that human primary monocytes and dendritic cells 

showed significant inflammatory responses to as low as 0.02 ng/ml of LPS, a 

concentration that is recognized as endotoxin-free (Schwarz et al., 2014). Therefore, 

bacterial components bound to the surface of NMs can significantly contribute to the 

particle - induced inflammation and it is essential to investigate this potential source of 

contamination.  

TNF-α is a prominent example of a pro-inflammatory cytokine secreted by macrophages, 

the key function of which is to increase the vascular permeability, stimulate the 

recruitment of neutrophils, lymphocytes and monocytes to the site of inflammation and 

to promote the expression of chemokines by endothelial and epithelial cells (Elsabahy & 

Wooley, 2013; Gattorno & Martini, 2016). TNF-α has been previously described to play 

an important role in particle induced inflammation and it is commonly used as an initiator 

of inflammatory processes in the lung (Barlow et al., 2008; Driscoll, 2000) and as an 

indicator of immunotoxicity of NMs in in vitro settings using macrophages (Brown et al., 

2004; Boyles et al., 2018). Other potent cytokines involved in the recruitment of 

inflammatory cells to localised sites of inflammation are IL-8 and its functional (murine) 

homologous macrophage inflammatory protein 2 (MIP-2) (Duque & Descoteaux, 2014; 

Elsabahy & Wooley, 2013; Konrad & Reutershan, 2012). MIP-2 was shown to be 

upregulated after intratracheal instillation of silica and titanium dioxide in rats  (Driscoll 

et al., 1993) and plays a key role in mediating the neutrophilic inflammatory responses 

of the rodent lung, upon exposure to particles (Driscoll, 2000; Duffin et al., 2001). The 

chemokine monocyte chemoattractant protein 1 (MCP-1) regulates the migration of 

immune cells and infiltration to the site of injury and was identified as an essential pro-

fibrotic agent by stimulating fibroblasts to express TGF-β, which is a known inducer of 
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tissue collagen deposition (Deshmane et al., 2009; Wynn, 2004). A number of studies 

indicated a crucial role of elevated levels of MCP-1 and lung disease (Hartl et al., 2005; 

Sahin & Wasmuth, 2013).  

 

1.6 Crystalline silica  

Dörentruper quartz (DQ)-12 sample, which is composed of crystalline silica (SiO2), was 

used, in this study, as a positive control. DQ12 represents a standard quartz sample that 

originated from the tertiary Dörentrup kaolinitic sand deposit in Westphalia, Germany 

(Clouter, 2001). DQ12 has been used as a positive control in particle toxicity studies, in 

in vivo ( Albrecht et al., 2009; Clouter, 2001; Wiemann et al., 2020)  as well as in in vitro 

studies (Nattrass et al., 2017; Nattrass et al., 2015; Boyles et al., 2018; Scherbart et al., 

2011), therefore providing an opportunity to compare data of layered silicates NMs to 

that seen for silica  

Quartz, which is one of the crystalline forms of silica, is ubiquitous in nature representing 

12 % of the Earth’s crust (Maciejewska, 2015). Occupational exposure to respirable 

crystalline silica is associated with the accumulation of respirable dust in the alveoli and 

as a consequence leads to adverse health effects: silicosis and development of lung cancer 

(Maciejewska, 2015). As a result, crystalline silica was classified by the International 

Agency for Research on Cancer (IARC) as a Group I human carcinogen (IARC, 2012). 

The direct genotoxic effect of crystalline silica is related to its surface reactivity and in 

particular its ability to generate free radicals (Borm et al., 2011; Fubini & Hubbard, 2003). 

When crystalline silica is fractured the silicon radicals (Si• and Si-O•) are present on the 

crystal surface, which can react with molecular oxygen forming surface bound ROS. In 

aqueous suspensions of quartz H2O2, HO·, O2
−·and 1[O2] are generated (Fubini & 

Hubbard, 2003). Surface modification of crystalline silica with aluminium compounds 

has been considered to reduce the surface reactivity and hence the toxic potential of this 

material (Duffin et al., 2001; Brown et al., 1989; Albrecht et al., 2007). Freshly ground 

silica has more potency to generate free radicals compared to the air aged form 

(Castranova, 2004). Animal studies demonstrated that inflammation is the driving 

mechanism of crystalline silica toxicity (Albrecht et al., 2009; Borm et al., 2018; Clouter, 

2001; Duffin et al., 2001). In vitro studies have shown that crystalline silica exposure 

stimulates ROS production (Scherbart et al., 2011), NF-κB activation via oxidative stress 
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in macrophages (Kang et al., 2000) and causes release of cytokines from macrophages 

and epithelial cells (Driscoll, 2000; Scherbart et al., 2011). 

 

1.7 Aim of the study 

This research project was funded by industry and aimed to investigate and compare the 

potential hazard of a wide range of commercially available SLS and NLS NMs through 

in vitro toxicological studies. The J774A.1 cell line was used as an in vitro model of 

macrophages, throughout this thesis. Moreover, human primary monocyte-derived 

macrophages were utilised for comparison with the effects in the J774A.1 cell line. Tested 

NMs were characterised (discussed in chapter 2) and evaluated for their ability to induce 

cytotoxicity (discussed in chapter 2), uptake and changes in cellular morphology 

(discussed in chapter 5), inflammation (discussed in chapter 3) and oxidative stress 

(discussed in chapter 4). The obtained results were discussed in relation to specific 

physicochemical properties of NMs under investigation. The well-known highly toxic 

crystalline silica sample DQ12 was used as a positive sample. 
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Chapter 2. Characterisation of layered silicate NMs and assessment of 

their cytotoxic potential.  
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2.1 Aims and hypothesis  

The aim of this chapter is to carry out a comprehensive analysis of physicochemical 

parameters of different types of layered silicate NMs, using a variety of characterisation 

techniques, and investigate the impact of these parameters on their toxicity. The 

assessment of the toxicity of layered silicate samples was carried out using in vitro models 

of macrophages: J774A.1 murine cell line and PBMC.  

The hypothesis of this chapter: 

• Physicochemical characteristics of layered silicates NMs influence their ability to 

induce a cytotoxicity in macrophage cell lines. More specifically: 

o Layered silicates with higher lithium and/or fluoride content possess 

higher toxic potency. 

o Size and surface area influence layered silicate toxic potency, with smaller 

particles being more toxic than bigger particles. 

• Layered silicate NMs are expected to be free from endotoxin contamination. 
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2.2 Materials and methods  

 

2.2.1 Panel of particles 

The panel of particles tested consisted of two main groups of layered silicates: synthetic 

and natural (Table 2.1). The SLS group consisted of eight different layered silicate NMs, 

which varied in lithium and fluoride content, as presented in Table 2.1. High F/Med Li 

washed sample was included, in order to remove fluoride not structurally bound to the 

High F/Med Li sample (by introducing washing step). The NLS group included two of 

the most commercially used nanoclays: montmorillonite (MMT) and hectorite (sHca-1). 

It is important to add that layered silicate samples used in this study, in addition to 

different lithium and fluoride content, also varied in other characteristics, such as size and 

charge (as described in next sections). 

A sample of sHca-1 was obtained from San Bernardino County, California and supplied 

by Source Clay Minerals Repository (University of Missouri). All samples of SLS and 

MMT sample were provided by BYK Additives & Instruments™. As part of the study 

one positive control sample was included, which consisted of DQ12 alpha-quartz particles 

and two ion controls: NaF and LiCl. 

 

Table 2.1 Panel of particles used in the research project. 

The relative difference between lithium and fluoride content, for each particle, are colour coded: green – 

relatively low, yellow – relatively medium and red - relatively high.  
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2.2.2 Cell culture 

 

2.2.2.1  J774A.1 cells  

J774A.1 cells (mouse BALB/c monocyte macrophage) were obtained from the European 

Collection of Cell Cultures (ECACC, UK) and maintained in Roswell Park Memorial 

Institute (RPMI) 1640 medium (Gibco, UK) supplemented with L-Glutamine (2 mM) 

(Gibco, UK), Penicillin (100 U/ml) /Streptomycin (100 µg/ml) (Gibco, UK) and 10 % 

heat-inactivated foetal bovine serum (FBS)  (Gibco, UK) (named complete RPMI 

medium). Cells were grown in a humidified incubator at 37°C with 5 % CO2 until they 

reached confluence and then detached from the flask using a cell scraper. J774A.1 cell 

line was not maintained for longer than 30 passages.  

 

2.2.2.2  PBMC  

PBMC cells were isolated from peripheral blood, from healthy donors, according to the 

procedure developed by Adriano Rossi (University of Edinburgh) (Dorward et al., 2013). 

The schematic overview of PBMC cells isolation is presented in Figure 2.1. A volume of 

80 ml of blood was collected into two sterile falcon tubes, each containing 4 ml of 3.8 % 

sodium citrate, as an anticoagulant, and centrifuged at 350g for 20 minutes (Acc 1/ Brake 

0) (Figure 2.1 A). After centrifugation two layers had formed: the upper layer of platelet 

rich plasma and lower layer consisting of blood cells (Figure 2.1 B).  

The upper layer was collected to new sterile glass tubes and autologous recalcified plasma 

(serum) was prepared by adding 220 µl of 1 M CaCl2 per 10 ml of plasma, followed by a 

1 hr incubation at 37°C. The lower blood cell layer was mixed with 2.5 ml of 6 % dextran 

per 10 ml blood cell pellet and made up to a final volume of 50 ml with pre-warmed NaCl 

(37°C). These were incubated for 30 minutes at room temperature (Figure 2.1 C). After 

30 minutes, the upper layer containing leukocytes was transferred to a new sterile tube 

and washed with 50 ml of 0.9 % NaCl, followed by centrifugation at 350 g for 6 minutes 

(Acc 5/ Brake 5). 

The isolation of PBMC from the leukocyte pellet was achieved by density gradient 

centrifugation, using a Percoll gradient (Sigma, UK). The Percoll gradient was prepared 

by placing, on the bottom of 15 ml falcon tube, 3 ml of 81 % Percoll, followed by 3 ml 

of 70 % Percoll and topped up with 3 ml of 55 % Percoll, in which the leukocyte pellet 
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was dispersed. The Percoll gradient was centrifuged at 720 g for 20 minutes (Acc 1/ Brake 

0) (Figure 2.1 D). The upper layer of PBMCs was carefully harvested and washed twice 

with 20 ml of Phosphate Buffered Saline (PBS) (Gibco, UK) without Ca2+/Mg2+ to remove 

residual platelets, with centrifugation at 260 g for 6 minutes (Acc 5/ Brake 5) (Figure 2.1 

E). All centrifugation steps were carried out at room temperature.  

The freshly isolated PBMCs were suspended in serum free Iscove’s Modified Dulbecco’s 

Medium (named Iscove medium) (Sigma, UK), supplemented with L-Glutamine (2 mM), 

Penicillin (100 U/ml) /Streptomycin (100 µg/ml) and seeded at a density of 2.5 x 106 

cells/ml in cell culture plate (plate format depending on the specific experimental setup, 

as specified in each sections) (Figure 2.1 F). The PBMCs were incubated for 2 – 3 hr, at 

37°C, 5 % CO2 in a humidified incubator, to allow for monocytes to attach to the cell 

culture plate. The floating cells (non-monocytes) were then removed from the plate by 

aspiration of medium and attached monocytes were washed vigorously three times with 

PBS (Figure 2.1 G).  Monocytes were allowed to differentiate into macrophages over a 7 

- day period in Iscove’s medium containing 10 % of heat inactivated (30 minutes at 56°C) 

autologous serum from the corresponding donor (Figure 2.1 H). The culture media was 

renewed every 3 days and cells were monitored morphologically for differentiation. 
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Figure 2.1 Schematic overview of Peripheral Blood Mononuclear Cells (PBMC) isolation. 

Whole blood, collected from healthy donor (A), was centrifuged to separate plasma from blood cells (B). 

Leukocytes were separated from red blood cells (RBC) by using 6% dextran (C). Leukocyte-rich layer was 

then collected and placed onto equal volumes of density gradient separation media (Percoll) (D). Following 

centrifugation, the PBMC layer was extracted, washed with PBS (E) and seeded in cell culture plate (F). 

Non-monocytes were removed from plate by washing cell culture plate three times with PBS (G). Human 

primary monocyte derived macrophages were obtained by differentiation, in cell culture medium, 

containing 10% of autologous serum, for 7 days (H). Blue dotted squares indicate a layer where monocytes 

are present. 

 

2.2.3 Particle dispersion protocol  

Particle suspensions were prepared according to the ENPRA protocol (Jacobsen et al., 

2010), with minor modifications in order to obtain efficient particle dispersion. The 

particle dispersions were freshly prepared for each experiment and used within 1 – 2 hr 

in the conducted studies. 

 

2.2.3.1  Particle dispersion protocol for J774A.1 treatment 

Particle stock suspensions of 2 mg/ml were prepared in MiliQ water, vigorously vortexed 

for 2 minutes, and mixed for 1 hr using Dynabeads™ MX mixer (full speed). After 1 hr 
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of mixing, heat inactivated FBS was added to give a final concentration of 2 % v/v and 

then sonicated for 16 min using a sonicating water bath (32-38 kHz at 20ºC). After 

sonication particles were diluted to the required concentration in complete RPMI cell 

culture medium containing 10 % v/v FBS.  

 

2.2.3.2  Particle dispersion protocol for PBMC treatment 

Particle stock suspensions of 2 mg/ml were prepared in MiliQ water vigorously vortexed 

for 2 minutes and mixed for 1 hr at room temperature using a Dynabeads™ MX mixer 

(full speed). After 1 hr of mixing, heat inactivated autologous serum (0.2 µm filtered, in 

order to remove serum aggregates) from the corresponding donor was added to give a 

final concentration of 2 % v/v and then sonicated for 16 minutes using a sonicating water 

bath (32-38 kHz at 20ºC). After sonication particles were diluted to the required 

concentration in complete Iscove medium containing heat inactivated 10 % v/v of 

autologous serum from the corresponding donor. 

 

2.2.4 Particle characterisation 

 

2.2.4.1  Dynamic Light Scattering (DLS) 

The hydrodynamic Z-Average diameter, zeta potential and the polydispersity index (PDI) 

of particle suspensions were determined by DLS method, using a Zetasizer Nano-ZS 

(Malvern Instruments Ltd., UK).  

Particles were dispersed in appropriate diluent, at a concentration of 125 µg/ml, and 

measured using the Malvern software (Malvern Instruments Ltd., UK), with back 

scattering detector at 173°. Three independent measurements were taken, after an 

equilibration step of 120 seconds, with each measurement consisting of six runs, each of 

20 seconds duration, at 22°C.  Particles were prepared and characterised in different 

dispersants: RPMI medium with 10 % FBS (prepared as described in section 2.2.3.1), 

Iscove medium with 10 % autologous serum (prepared as described in section 2.2.3.2) 

and Milli-Q water after 16 minutes of sonication. The characterisation studies were started 

immediately after the preparation of particle dispersion and repeated after 24 hr of 

incubation at 37°C with 5 % CO2, in appropriate dispersant.  
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In addition, the visual assessment of particle dispersions was performed immediately after 

preparation and following 6 and 24 hr incubation periods, at 37°C with 5 % CO2.  

 

2.2.4.2  Atomic Force Microscopy (AFM)  

AFM was utilized as a method for morphological and size characterisation of particles. 

AFM examination was carried out only for High F/Low Li and No F/Med Li, due to 

limited access to AFM. 

Particle stock suspensions of 2 mg/ml were prepared in MiliQ water, vigorously vortexed 

for 2 minutes, and mixed for 1 hr using a Dynabeads™ MX mixer (full speed). After 1 hr 

of mixing, particles were sonicated for 16 minutes using a sonicating water bath (32-38 

kHz at 20ºC) and diluted in MiliQ water to give final concentration of 20 µg/ml. 

The AFM examination was kindly carried out by Dr Iwan Schaap (Heriot-Watt 

University, Edinburgh). Briefly, 50 µl of particle suspension was added onto mica (mica 

glued with an optical adhesive to a coverslip) and incubated for 10 minutes. Then, 5 µl of 

buffer G 10x was added (250 mM HEPES, 1.25 M CH3COOK, 50 mM (CH3COO)2Mg, 

pH 7.2). The Olympus Tr400PSA cantilever (0.08 N/m) (the resonance frequency was 

8.1 KHz and calibrated sensitivity 23 nm/V) on an MFP-3D AFM (Asylum Research, 

CA, USA) was used to image the particles.  

 

2.2.4.3  Scanning electron microscopy (SEM) 

SEM was used in order to study the surface morphology of layered silicate samples. Dry 

powdered layered silicate samples were mounted onto a carbon pads (Agar Scientific, 

UK) and sputter coated with a layer of gold using Polaron SC502 (Polaron, UK) for a 

duration of 45 seconds and a coating current of 18 mA. Samples were then examined 

using the Quanta™ 3D FEG high-resolution SEM microscope FEI (FEI™, USA). 

 

2.2.5 Detection of endotoxin contamination 
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2.2.5.1 The endpoint chromogenic Limulus Amebocyte Lysate (LAL) assay  

The endpoint chromogenic LAL test (QCL-1000, Lonza, UK), is a quantitative assay for 

detection of Gram-negative bacterial endotoxin. This method is based on the ability of 

endotoxin to convert a proenzyme in LAL, derived from the amebocytes (blood cells) of 

the horseshoe crab Limulus polyphemus, to its active form (Young at al. 1972).  The 

activated enzyme cleavages a chromophore from a synthetic substrate, in a concentration 

dependent manner, producing a yellow colour which can be measured 

spectrophotometrically.  

Endotoxin content was assessed for five different particles representing NLS (MMT and 

sHca-1 samples), SLS with fluoride content (Med F/High Li and Low F/Med Li) and SLS 

without fluoride (No F/Med Li).  

Particles were suspended in endotoxin-free (LAL-grade) water at a concentration of 

2 mg/ml, vigorously vortexed for 2 minutes, and mixed for 1 hr using Dynabeads™ MX 

mixer (full speed), followed by 16 minutes of sonication using a sonicating water bath 

(32-38 kHz at 20ºC). After sonication samples were further diluted to a concentration of 

62.5 and 6.3 µg/ml in endotoxin-free (LAL-grade) water or water spiked with a known 

amount (0.5 EU/ml) of endotoxin. Spiked samples were prepared in order to assess ability 

of particles to inhibit or enhance the detection of the endotoxin. Particle suspensions were 

then incubated for 24 hr, at 37°C, 5 % CO2. After incubation, each suspension was 

centrifuged at 21000 g for 10 minutes to pellet particulate and 50 µl of supernatant was 

plated in duplicates, to a 96-well endotoxin-free plate, maintained at 37°C. Next, 50 µl of 

LAL was added to each well and following 10 minutes incubation at 37°C a 100 µl of 

chromogenic substrate solution was applied to each well. Finally, after 6 minutes of 

incubation at 37°C the reaction was ended by addition of 100 µl of stop solution (25 % v/v 

glacial acetic acid in water) and the absorbance was read at 410 nm. The endotoxin 

concentration was determined from the standard curve consisting of four concentrations 

of endotoxin standard (E. coli strain), ranging from 0.1 – 1 EU/ml, after subtraction of 

background blank values. Data are presented as mean values of two technical replicates.  

The recovery rate, which is the amount of measured endotoxin concentration in the spiked 

sample suspension in relation to a known concentration of spike, was calculated using a 

formula:  
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𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑟𝑎𝑡𝑒 [%] =  

𝐸𝑈
𝑚𝑙

measured 𝑖𝑛 𝑠𝑝𝑖𝑘𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒 −
𝐸𝑈
𝑚𝑙

measured 𝑖𝑛 unknown 𝑠𝑎𝑚𝑝𝑙𝑒

𝐸𝑈
𝑚𝑙

𝑘𝑛𝑜𝑤𝑛 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑠𝑝𝑖𝑘𝑒 
 𝑥 100% 

According to the protocol provided by the manufacturer a test is considered valid if the 

recovery rate is between 75 and 125 %. 

 

2.2.5.2 TNF-α Expression Test (TET) 

The TET test developed by Mukherjee et al. was used as an alternative assay to assess 

LPS contamination in layered silicates NMs (Mukherjee et al. 2016). The TET assay 

measures TNF-α secretion by macrophages, following exposure to NMs in the absence 

or presence of the specific inhibitor of LPS, polymyxin B sulphate. Particles are 

considered to be endotoxin contaminated if cells exposed to particles secrete marked 

levels of TNF-α and if the levels of TNF-α are reduced in the presence of polymyxin B 

sulphate. By contrast, if the amount of TNF-α is not affected by the presence or absence 

of the endotoxin inhibitor, then TNF-α stimulation is an intrinsic characteristic of the 

tested sample (Mukherjee et al. 2016). A schematic overview of the TET assay is 

presented in Figure 2.2. 
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Figure 2.2 Schematic overview of TET assay for endotoxin assessment in layered silicate samples. 

The TET assay is based on the measurements of TNF-α secretion by J774A.1 cells, following exposure to 

layered silicate (LS) samples, in the absence (w/o)  or presence (w/) of the specific inhibitor of LPS, 

polymyxin B sulphate (Poly-B). Particles are considered to be endotoxin contaminated if cells exposed to 

particles secrete marked levels (high) of TNF-α and if the levels of TNF-α are reduced (low) in the presence 

of polymyxin B sulphate. By contrast, if the marked levels (high) of TNF-α and not affected by the presence 

or absence of the endotoxin inhibitor, then TNF-α stimulation is an intrinsic characteristic of the tested 

layered silicates. Adapted from (Mukherjee et al., 2016), with minor changes. 

 

 

2.2.5.2.1 Cytotoxicity assessment of polymyxin B sulphate in J774A.1 cells 

Prior to the TET assay study, the viability of J774A.1 cells was assessed upon exposure 

to polymyxin B sulphate (Sigma-Aldrich, UK), in order to choose a range of non-toxic 

concentrations for subsequent experiments. Briefly, J774A.1 cells were seeded in a flat-

bottomed 96-well plate at a density of 5.0 x 105 cells/ml (100 µl/well) and were incubated 

for 24 hr at 37ºC with 5 % CO2 prior to treatment. Next, J774A.1 cells were exposed, for 

24 hr, to a range of concentrations of polymyxin B sulphate (0.19 – 40 µM), in complete 

RPMI medium. The impact of polymyxin B sulphate on the viability of J774A.1 was 
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measured by the Alamar blue and 5-carboxyfluorescein diacetate, acetoxymethyl ester 

(5-CFDA, AM) assays as described in section 2.2.6.  

 

2.2.5.2.2  TET assay 

The TET assay was carried out by seeding J774A.1 cells in 96-well plate at a density of 

5.0 x 105 cells/ml (100 µl/well) and incubating at 37°C with 5 % CO2, for 24 hr. After 

incubation, cells were exposed to two sub-lethal concentrations of layered silicate 

particles in the presence or absence of non-toxic concentrations of polymyxin B sulphate 

(10 and 20 μM), for 24 hr, chosen on the basis of cytotoxicity results, described in section 

2.3.2.2. High F/Med Li, No F/Med Li, No F/Low Li and DQ12 were assessed at 

concentrations of 31.3 and 62.5 µg/ml. Low F/Med Li, Med F/High Li, MMT, sHca-1 

and Na-F-Hectorite were tested at concentrations of 7.8 and 15.6 µg/ml. The above 

concentrations were chosen as it had been found that particles at these concentrations 

caused significant levels of TNF-α secretion, as described in section 3.3.1, yet caused no 

or little toxicity in J774A.1 cells, as described in section 2.3.3.   

In addition, several controls were included in this experiment. To investigate the effect of 

polymyxin B sulphate on TNF-α secretion, J774A.1 cells were exposed to polymyxin B 

sulphate alone at 10 and 20 µM. Furthermore, J774A.1 cells were treated with four 

different concentrations of LPS (0.1, 1, 10 and 100 ng/ml) in the presence or absence of 

non-toxic concentrations of polymyxin B sulphate (10 and 20 μM). This allowed 

examination of the efficiency of polymyxin B to inhibit LPS. Also, J774A.1 cells were 

exposed to each particle type with 10 ng/ml of LPS, in the presence or absence of 

polymyxin B sulphate (10 µM) in order to test whether polymyxin B sulphate was able 

to inhibit LPS in the presence of layered silicate NMs.  

Following exposure, cell culture supernatants were collected and the secretion of TNF-α 

was determined by ELISA, as described in section 2.2.5.2.2.1. 

 

2.2.5.2.2.1 Enzyme-linked immunosorbent assay (ELISA) 

Secretion of pro-inflammatory cytokine TNF-α, in the supernatant of murine J774A.1 

cells exposed to tested materials in the presence and absence of polymyxin B sulphate, 

was assessed by ELISA (R&D Systems Europe, Ltd.), according to the manufacturer’s 

instructions.  



 

45 

 

Briefly, 100 µl of samples (the supernatants previously prepared in 2.2.5.2.2), alongside 

standards were added in duplicate to wells in a 96-well plate, coated overnight with 100 

µl of TNF-α capture antibodies, at concentration of 800 ng/ml and pre- blocked with 300 

µl of blocking buffer for 2 hr. After a 2 hr incubation 100 µl of detection antibodies, at 

concentration of 75 ng/ml, were added to each well followed by a further 2 hr incubation. 

Finally, 40x diluted streptavidin- horseradish peroxidase conjugate was added to each 

well for 20 minutes. After each step, described above, each well was washed three times 

with 300 µl of washing buffer (0.05 % Tween®20 in PBS). The addition of 100 µl of 

tetramethylbenzidine, as a peroxidase substrate, was used and the reaction was stopped 

using 50 µl of 2 N H2SO4. The plate was read immediately at the wavelength 450 nm with 

a reference wavelength of 550 nm, on a SpectraMax M5 plate reader. The concentration 

of TNF-α was determined from the standard curve. The negative control consisted of 

supernatant of untreated cells and complete RPMI served as a blank.  

 

2.2.6 Cytotoxicity assays 

Alamar blue and 5-carboxyfluorescein diacetate, acetoxymethyl ester (5-CFDA, AM) 

assays were used to measure the toxicity of particles towards J774A.1 and PBMC cells. 

Alamar blue and 5-CFDA, AM are non-fluorescent dyes, which are converted to their 

fluorescent forms by functional mitochondria and cellular esterases, respectively. The 

changes in fluorescence were detected using a fluorescence plate reader and fluorescence 

changes were used as an indication of cell viability. 

Prior to the cytotoxicity assessment any interferences of layered silicate NMs with 

specific assay reagents were fully investigated. These included the potential ability of 

particles to quench the fluorescence of fluorophores that form in the course of the 5-

CFDA, AM and Alamar blue conversion; 5-carboxyfluorescein and resorufin, 

respectively. Ability of investigated particles to reduce Alamar blue acellularly to its 

fluorescent form, and autofluorescence of particles at excitation and emission 

wavelengths specific to Alamar blue and 5-CFDA, AM was investigated. No interference 

was found with assay reagents or their products (data not shown).  

The cytotoxicity studies were carried out by seeding J774A.1 cells in in flat-bottomed 96-

well plate at a density of 5.0 x 105 cells/ml (100 µl/well) and incubating for 24 hr at 37ºC 

with 5 % CO2, prior to particle treatment. Freshly isolated human blood monocytes were 
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seeded in flat-bottomed 96-well plates at a density of 2.5 x 106 cells/ml (100 µl/well) and 

differentiated into PBMC, as described previously in section 2.2.2.2, prior to particle 

treatment. 

J774A.1 cells were exposed to different particle types at concentrations ranging from 3.9 

to 500 μg/ml. PBMC cells were exposed to three different concentrations of particles of 

15.6, 31.3 and 125 µg/ml, due to the limited number of cells. Particles were prepared as 

described above, in section 2.2.3.1 and 2.2.3.2. The negative control consisted of medium 

only, while Triton X-100 was used as a positive control to indicate 100 % lysis of the 

cells. Complete RPMI medium (no cells) served as a blank sample. In addition, NaF and 

LiCl were used as salt controls to assess the impact of Li+ and F- ions on the cytotoxicity 

of layered silicate NMs. After a 24 hr incubation at 37ºC with 5% CO2, the supernatants 

were collected and stored at -80°C to be used for cytokine estimations, as described in 

sections 3.2.1.1 and 3.2.1.2.  

After the 24 hr particle exposure, 100 µl of RPMI medium (serum- and phenol red-free) 

containing 1.25 % v/v solution of Alamar blue (Sigma-Aldrich, UK) and 4 µM of CFDA, 

AM (Sigma-Aldrich, UK) was added directly to each well containing the cells. The plate 

was incubated for 50 minutes at 37°C, 5 % CO2 and the fluorescence intensity was read 

first for Alamar blue (an excitation wavelength of 560 nm and an emission wavelength 

of 590 nm) and immediately after for 5-CFDA, AM (an excitation wavelength of 485 nm 

and an emission wavelength of 535 nm) using a SpectraMax M5 plate reader (Molecular 

Devices, UK). The Alamar blue and 5-CFDA, AM fluorescence decrease, as a percentage 

of the untreated control group for each dilution was calculated and plotted versus the 

tested sample concentration. The lethal concentrations (LC) causing 50 % (LC50) and 20 

% (LC20) cell death for each test compound were calculated from a four-parameter logistic 

curve. At least, five independent experiments were carried out for each compound type, 

in each cell type. 

 

2.2.7 Statistical analysis  

All data are expressed as mean ± standard error of the mean (SEM). Statistical analysis 

was performed using a one-way or two-way analysis of variance ANOVA, followed by 

Tukey multiple comparison post-test. The data was tested for normal distribution and if 

necessary, all data sets were log- or square-root- transformed, to meet ANOVA 
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assumptions for normal distribiution. All statistical analyses were performed using 

Minitab 18 software with α = 0.05. A p value of < 0.05 was considered to be significant. 

A non-linear regression, four-parameter sigmoidal curve fit was used to generate dose-

dependent curves and determine LC50 and LC20 values, using Graph Pad Prism 6 software. 

All figures were generated using Graph Pad Prism 
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2.3 Results  

 

2.3.1 Particle characterisation  

 

2.3.1.1  DLS 

The DLS measurements, representing the Z-average hydrodynamic diameter, 

polydispersity index (PDI) and ʐ- potential of SLS and NLS particles that were suspended 

in MiliQ water, complete RPMI and complete Iscove medium, are shown in Table 2.2. 

DLS analysis of SLS particles dispersed in MiliQ water indicated that the majority of 

samples formed relatively monodispersed suspensions (PDI values ranging from 0.18 - 

0.67), with the size of most of particles measured below 100 nm. However, a few 

exceptions were observed, namely Na-F-Hectorite and Med F/High Li samples, for which 

the average hydrodynamic diameter was ca. 2000 and ca. 250 nm, respectively. In 

addition, Na-F-Hectorite particles exhibited a very wide size distribution, which was 

reflected by PDI values that were close to 1. The MMT and sHca-1 particles in MiliQ 

water suspension displayed hydrodynamic diameter of ca. 350 and ca. 600 nm, 

respectively. 

Dispersion of layered silicates in cell culture media yielded suspensions containing larger 

particles compared to MiliQ water dispersions, indicating that these particles may exhibit 

a tendency to agglomerate and/or form a protein corona. 

Among the SLS, dispersions of samples that did not contain fluoride atoms (No F/Med 

Li, No F/Low Li and No F/V low Li) exhibited the smallest hydrodynamic diameter of 

up to 100  nm in both complete RPMI and Iscove medium, with an exception of No F/Med 

Li sample, for which an increase in size from ca. 80 nm (in RPMI medium) to ca.  160 

nm (in Iscove medium) at 0 hr of incubation was observed. In addition, the PDI values 

for samples No F/Med Li, No F/Low Li and No F/V low Li that were dispersed in compete 

RPMI and Iscove medium ranged from 0.28 - 0.38 and were found to be consistent, 

suggesting formation of monodispersed suspensions.  

The SLS samples that contained fluoride atoms (High F/Med Li, High F/Med Li washed, 

Med F/High Li, Low F/Med Li and Na-F-Hectorite), when dispersed in both types of 

complete cell culture medium, yielded suspensions that were characterised by larger 

particle size compared to the suspensions of non- fluoride particles (No F/Med Li, No 
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F/Low Li and No F/V low Li). The synthetic Na-F-hectorite sample possessed the highest 

average hydrodynamic diameter (1921 – 3452 nm), with high PDI values (ca. 0.9), 

indicating a very broad size distribution in both RPMI and Iscove medium. For the 

remaining SLS particles that contained fluoride the average hydrodynamic diameter 

ranged from 97 – 182 nm and the PDI values ranged from 0.26 – 0.43, indicating that 

these materials formed relatively monodispersed suspensions. 

The dispersions of NLS particles (MMT and sHca-1) in both types of cell culture medium 

displayed size distributions in the micrometer range of 318 – 513 nm. In addition, 

obtained PDI values ranged from 0.59 – 0.93, suggesting a substantial heterogeneity of 

these suspensions in RPMI and Iscove medium.  

The ʐ- potential measurements suggested that all samples were negatively charged 

regardless of the dispersion media. Most of the particles (except sample sHca-1), when 

dispersed in MiliQ water, showed ʐ- potential values lower than -25 mV, indicating a 

high degree of stability, most likely due to large repulsive forces caused by surface 

charge. In contrast, for particles dispersed in RPMI and Iscove medium, the magnitude 

of the ʐ- potential decreased, reaching values between -5 to -10 mV, possibly due to the 

formation of a protein corona on the particle surface. 
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Table 2.2 Z-average diameter, PDI and ʐ-potential of tested particles, in different suspension, 

measured by DLS. 

Layered silicates NMs were suspended in MiliQ water, complete RPMI medium and complete Iscove 

medium, at a concentration of 125 µg/ml, and measurements were taken immediately after preparation 

(T0) and 24 hr (T24), at 37°C with 5 % CO2. Data are expressed as mean (n=3). The relative difference 

between each characteristic for each particle, in respective disperant, are colour coded: green- relatively 

low, yellow – relatively medium, red – relatively high z-average diameter and PDI. 

 

 

2.3.1.2  Brunauer Emmett Teller (BET) (data provided kindly by BYK Additives & 

Instruments)  

BET method was used to evaluate the specific surface area (data provided by the 

manufacturer) and it is shown in Table 2.3.  

Sample Na-F-Hectorite possessed the lowest specific surface area of 7.9 m2/g, followed 

by sHca-1 and MMT particles, with 55.9 and 60.5 m2/g, respectively. Med F/High Li, 

Low F/Med Li and High F/Med Li washed exhibited surface area values of 186.9, 252.1 

and 303.8 m2/g, respectively. The remaining samples (High F/Med Li, No F/Med Li, No 

F/Low Li, and No F/V low Li) possessed relatively high surface areas between 

373.5 – 457.2 m2/g. 

Sample type Time

Z- average 

diameter 

[nm]

PDI

ζ-

potential

 [mV]

Z-average

diameter 

[nm]

PDI

ζ-

potential

 [mV]

Z-average

diameter 

[nm]

PDI

ζ-

potential

 [mV]

T0 81 0.30 -32.9 160 0.43 -7.53 145 0.30 -8.97

T24h 83 0.28 -29 129 0.28 -10.04 114 0.26 -8.19

T0 80 0.41 -30.7 125 0.27 -8.60 116 0.28 -8.73

T24h 58 0.36 -24.7 103 0.25 -8.79 104 0.26 -7.75

T0 1921 0.91 -41.2 2842 0.98 -5.98 3452 0.87 -8.54

T24h 2784 0.95 -36.2 2829 0.92 -8.56 2234 0.88 -6.46

T0 239 0.43 -29 119 0.39 -8.36 182 0.40 -8.40

T24h 253 0.44 -24.1 123 0.33 -8.20 177 0.33 -9.30

T0 111 0.49 -37.7 100 0.28 -8.06 121 0.31 -9.40

T24h 61 0.37 -30.5 97 0.26 -9.55 117 0.32 -8.72

T0 65 0.54 -30.3 88 0.36 -9.55 164 0.38 -6.67

T24h 73 0.67 -27.1 80 0.28 -8.62 132 0.29 -8.36

T0 48 0.31 -33 80 0.30 -9.53 84 0.30 -9.42

T24h 54 0.19 -16.8 77 0.29 -6.50 80 0.28 -7.81

T0 61 0.27 -22.3 90 0.29 -8.61 109 0.31 -7.70

T24h 62 0.18 -12.8 85 0.29 -5.49 103 0.29 -6.12

T0 355 0.35 -31.4 412 0.59 -6.86 358 0.87 -7.40

T24h 313 0.39 -31.4 412 0.66 -7.31 394 0.61 -7.50

T0 600 0.79 -18.1 318 0.68 -5.68 513 0.84 -8.04

T24h 674 0.51 -10.2 325 0.69 -7.23 324 0.93 -8.09

T0 720 0.52 680 0.76 -8.35 473 0.94 -8.90

T24h 810 0.63 721 0.82 -8.61 534 0.71 -8.68

MMT

sHca-1

DQ12

Dispersant type 

High F / Med Li

High F / Med Li 

washed

Na-F-Hectorite

Med F / High Li 

Low F / Med Li

No F / Low Li 

No F / V Low Li

RPMI medium

 + 10% FBS

No F / Med Li

Iscove

 + 10% donor's serum
MiliQ water 
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Table 2.3 BET surface area of layered silicates. 

The relative difference between surface area for each particle are colour coded: green- relatively low, 

yellow – relatively medium, red – relatively high surface area. 

 Sample type Sample name BET surface area (m
2
/g) 

Synthetic Layered  
Silicates 

 High F / Med Li 417.9 
 High F / Med Li washed 303.82 
 Med F / High Li  186.87 
 Low F / Med Li 252.08 
 No F / Med Li 374.52 
 No F / Low Li  373.5 
 No F / V Low Li 457.18 
 Na-F-Hectorite 7.89 

Natural Layered 
Silicates 

 Montmorillonite (MMT) 60.47 
 Hectorite (sHca-1) 55.9 

 

 

2.3.1.3 Visual assessment of particle dispersions  

Dispersions of layered silicates and control particles in complete RPMI medium, at a 

concentration of 125 µg/ml, were prepared according to the procedure provided in section 

2.2.3.1. Photographs of particles suspensions in bijou tubes, after 0, 6 and 24 hr incubation 

under cell culture condition, are presented in Figure 2.3.  

Sample High F/Med Li, High F/Med Li washed, Low F/Med Li, No F/Med Li, No F/Low 

Li and No F/V low Li formed clear suspensions at 0 hr. These suspensions remained 

stable and well dispersed, after 6 and 24 hr, where no particulate matter could be observed 

by the naked eye (Figure 2.3A, B, D – G). 

Sample Med F/High Li formed a clear suspension at 0 hr, however after 24 hr of 

incubation under cell culture conditions a small amount of sedimentation was observed 

on the bottom of the bijou tube (Figure 2.3C). Dispersion of Na-F-Hectorite, MMT, sHca-

1 and DQ12 in complete RPMI medium resulted in the formation of hazy suspensions, as 

shown in Figure 2.3H – K. When allowing these suspensions to rest for 6 and 24 hr, 

sedimentation of particles at the bottom of the tube was observed, suggesting that these 

particles formed unstable suspensions. 
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Figure 2.3 Dispersion of layered silicate and control particles in complete RPMI medium. 

Particles were dispersed in MiliQ water at 2 mg/ml, vortexed and mixed for 1 hr. Next, FBS was added, 

followed by sonication for 16 min and dilution to 125 µg/ml in complete RPMI medium. The visual 

assessment of particle dispersions was performed immediately after preparation (0 hr) and following 6 and 

24 hr incubation periods, at 37°C with 5 % CO2. Yellow arrows indicate a particulate sediment on the 

bottom of bijou tube. 

 

2.3.1.4  AFM  

The AFM was utilized in order to verify whether this method is suitable for morphological 

and size characterisation of synthetic layered silicate dispersions in MiliQ water. Two 

samples were analysed, Med F/High Li and No F/Med Li (at 20 µg/ml) and representative 

images are shown in Figure 2.4. The AFM examination was kindly carried out by Dr Iwan 

Schaap (Heriot-Watt University, Edinburgh). 

It is important to state that due to the limited number of images taken (ca.10 images per 

sample) and also limited number of particles in the analysed image area, the particle size 

distribution could be not obtained. However, collected AFM images showed irregular, 

disc-like particles, and the lateral dimension appeared to be in the range of ca.100 – 150 

nm and 20 – 50 nm, for Med F/High Li and No F/Med Li, respectively. From the data 

provided by the manufacturer, it is known that single sheets of synthetic layered silicates 
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possess a thickness of around 1 nm (BYK Additives & Instruments; 2014). The AFM 

analysis revealed that the thickness of most Med F/High Li (Figure 2.4A) and No F/Med 

Li (Figure 2.4B) sheets were approximately 1.5 – 2.5 nm, as shown by the AFM height 

images, indicating presence of single sheet as well as partially exfoliated layered 

structure, consisting of two crystals stacked together.  

For future studies it would be beneficial to collect more AFM images in order to perform 

particle size distribution. 
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Figure 2.4 AFM images of layered silicates and corresponding AFM height profile. 

Med F/High Li (A) and No F/ Med Li (B) particles were dispersed in MiliQ water at 2 mg/ml, vortexed and 

mixed for 1 hr, followed by sonication for 16 min and dilution to 20 µg/ml in MiliQ water. Particle 

suspensions were added onto mica and imaged by MFP-3D AFM. 
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2.3.1.5  SEM 

SEM was used in order to assess the surface morphology of layered silicates. The SEM 

images of a series of layered silicate powders are displayed in Figure 2.5. The images 

revealed that layered silicates in dried powder form, assemble into clusters or 

agglomerates rather than exist as distinct primary particles. The formation of these larger-

size clusters is most likely driven by strong interparticle forces and surface charge. These 

small platelet-shaped particles that are characterised by sharp and irregular edges can be 

observed on the surface of agglomerates, as indicated by arrows (Figure 2.5A, B, D and 

E). The platelets edges of No F/V low Li seemed more smooth and rounded, relative to 

other samples (Figure 2.5G). In addition, SEM analysis was performed for particles 

suspended in MiliQ water, in order to assess size distribution of individual platelets. 

However, particles deposited on the grid in a form of a suspension tended to agglomerate 

(as a result of drying) and form multiple layers rather than appearing as primary particles  

(data not shown), and as a consequence the assessment of size distribution using SEM 

technique was not possible. 
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Figure 2.5 SEM images of different types of layered silicate NMs. 

Dry powder of sample (A) High F/Med Li, (B) High F/ Med Li washed, (C) Med F/High Li, (D) Low F/Med 

Li, (E) No F/Med Li, (F) No F/Low Li, (G) No F/ V low Li, (H) MMT and (I) sHca-1was mounted onto 

carbon pads and processed for SEM imaging. A scale bar is shown in the right corner at the bottom of each 

image. Note different scale bar. 

 

2.3.2 Endotoxin contamination 

 

2.3.2.1  LAL assay  

Endpoint chromogenic LAL assay was used to evaluate the potential endotoxin 

contamination in the studied layered silicate samples.  

Figure 2.6 summarises the detected endotoxin activity in tested particles and samples 

spiked with 0.5 EU/ml of LPS. The spiked samples were used to validate LAL assay 
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performance and assess the ability of layered silicates to adsorb LPS. In samples sHca1, 

MMT, Low F/Med Li and No F/Med Li no endotoxin contamination was measured, as 

the values were below the detection limit of 0.1 EU/ml. The only material with detectable 

amount of LPS was sample Med F/High Li at a particle concentration of 6.3 µg/ml with 

0.17 EU/ml of LPS activity measured. However, after spiking samples with a known 

concentration of LPS (0.5 EU/ml), the endotoxin was only measured for sHca-1 (at both 

particle concentrations) and Med F/High Li (at 6.3 µg/ml). For remaining spiked particles, 

MMT, Low F/Med Li, No F/Med Li, no endotoxin was detected at both particle 

concentrations tested. Thus, the results indicated that particles interfered with LAL assay 

and that the endotoxin can not be reliably quantified for these type of samples. This was 

further confirmed by calculating the percentage spike recovery, according to equation 

provided in section 2.2.5.1, for each particle type (Table 2.4). Sample sHca-1 showed the 

highest endotoxin recovery, 42.4 and 51.5 %, at 62.5 and 6.3 µg/ml particle concentration, 

respectively. The remaining particles showed much lower endotoxin recovery, ranging 

between 1.2 – 7.7 %. According to the protocol provided by the manufacturer, a test is 

considered valid if the recovery rate of endotoxin, in spiked samples, falls within the 

range of 75 and 125 %. Lower than acceptable recovery rates, measured for investigated 

samples, indicated that endpoint chromogenic LAL assay was not a suitable method for 

detection of LPS in tested layered silicate samples. 
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Figure 2.6 Endotoxin activity in particle suspensions. 

Particles were suspended, at concentrations of 62.5 and 6.3 µg/ml, in endotoxin-free water or water spiked 

with 0.5 EU/ml of endotoxin and incubated for 24 hr under cell culture conditions. Next, particles 

suspensions were centrifuged, and supernatant was assessed for endotoxin content, using endpoint 

chromogenic LAL assay. The values represent mean of two technical replicates. 

 

Table 2.4 Percentage spike recovery in particle suspensions. 

Particles were suspended, at concentrations of 62.5 and 6.3 µg/ml, in endotoxin-free water or water spiked 

with 0.5 EU/ml of endotoxin and incubated for 24 hr, at 37°C with 5 % CO2. Next, particles suspensions 

were centrifuged, and supernatant was assessed for endotoxin content, using endpoint chromogenic LAL 

assay. The recovery rate was calculated using and equation provided in section 2.2.5.1.. 

Particle type/particle 
concentration 

Recovery rate [%] 
62.5 µg/ml 6.3 µg/ml 

sHca-1 42.4 51.5 
MMT 2.6 5.6 
Med F/High Li 1.9 6.0 
Low F/Med Li 6.8 7.7 
No F/ Med Li 1.2 5.0 
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2.3.2.2  TET assay  

The TET assay was utilised as an alternative method for assessment of endotoxin 

contamination in layered silicate NMs. 

It was essential to determinate non-toxic doses of polymyxin B sulphate in J774A.1, as 

the levels of TNF-α secretion may not have been reliably measured at cytotoxic 

concentrations of this compound. As presented in Figure 2.7, polymyxin B sulphate 

triggered a concentration dependent viability loss, with more than 20 % loss in cell 

viability at concentrations above 20 µM. Thus, in subsequent experiments two 

concentrations of polymyxin B sulphate were selected: 10 and 20 µM.  

 

 

 

Figure 2.7 Cytotoxic effect of polymyxin B sulphate on J774A.1 cells. 

J774A.1 cells were exposed, for 24 hr, to a range of different concentrations of polymyxin B sulphate in 

complete RPMI medium, and the cell viability was assessed by Alamar blue and 5-CFDA, AM assay. Values 

represent the mean ± SEM (n=3, significance is indicated by * = p < 0.05). 

 

The TNF-α secretion in J774A.1 cells was assessed in response to polymyxin B sulphate 

alone, at two concentrations of 10 and 20 µM, and in the presence of four different 

concentrations of LPS. The polymyxin B sulphate alone was found not to significantly 

affect the secretion of TNF-α in J774A.1 cells compared to the control, as shown in Figure 

2.8. As expected LPS alone induced a significant increase in TNF- expression. 

Importantly, the amount of TNF-α, following LPS exposure in the presence of the 



 

62 

 

endotoxin inhibitor, was significantly reduced, indicating the ability of polymyxin B 

sulphate to inhibit LPS, and in consequence decrease the secretion of TNF-α in J774A.1 

cells. 
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Figure 2.8 TNF-α secretion in response to Polymyxin B sulphate alone and in the presence of LPS, in 

J774A.1 cells.   

J774A.1 cells were exposed, for 24 hr, to polymyxin B sulphate alone, at concentrations of 10 (Poly-B at 

10 µM) and 20 µM (Poly-B at 20 µM), or in the presence of four different concentrations of LPS (0.1, 1, 

10 and 100 ng/ml) and the cell culture supernatant was assessed for TNF-α secretion, using ELISA. Values 

represent the mean ± SEM (n=3, significance is indicated by * = p < 0.05). 

 

The TET assay was performed by exposing J774A.1 cells to two concentrations of 

particles in the presence or absence of the endotoxin inhibitor polymyxin B sulphate, 

followed by the examination of the cell culture supernatant for the TNF-α secretion. The 

results are presented in Figure 2.9. Sample High F/Med Li, No F/Med Li, DQ12, sHca-1, 

MMT and Na-F-Hectorite caused significant TNF-α secretion which was not reduced in 

the presence of polymyxin B sulphate, indicating that these samples were endotoxin free 

(Figure 2.9A and B). By contrast, when J774A.1 cells were exposed to sample Low 
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F/Med Li and Med F/High Li with addition of LPS inhibitor, the TNF-α secretion was 

significantly diminished, implying endotoxin contamination (Figure 2.9A). 

 

Figure 2.9 TET assay for endotoxin detection in layered silicates and control particles. 

J774A.1 cells were exposed, for 24 hr, to two different concentrations of particles in the presence (w/Poly-

B) or absence (w/o Poly-B) of polymyxin B sulphate (Poly-B), at 10 and 20 µM, and the cell culture 

supernatant was assessed for TNF-α secretion, using ELISA. Values represent the mean ± SEM (n=3, 

significance is indicated by * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001 compared to 

control; $ = p < 0.05 compared to particle treatment without polymyxin B sulphate). Ns – none significant. 

Note different scale bar. 

 

co
ntr

ol

Low
 F

/M
ed

 L
i 7

.8
1

Low
 F

/M
ed

 L
i 1

5.
62

M
ed

 F
/H

ig
h L

i 7
.8

1

M
ed

 F
/H

ig
h L

i 1
5.

63

M
M

T 7
.8

1

M
M

T 1
5.

63

sH
ca

1 
7.

81

sH
ca

1 
15

.6
3

N
aF

H
ec

to
rit

e 
3.

91

N
aF

H
ec

to
rit

e 
7.

81
 

0

1000

2000

3000

4000
w/o Poly-B

w/ Poly-B 20 M
w/ Poly-B 10 M

$

$
$

$
****

****

****

**
****

****
****

****

****

********

****

****
****

***
* *

*

****

ns

ns

ns

ns

****

****

ns

nsT
N

F
- 

 (
p

g
/m

l)

co
ntr

ol

H
ig

h F
/M

ed
 L

i 6
2.

5

H
ig

h F
/M

ed
 L

i 1
25

N
o F

/M
ed

 L
i 3

1.
25

N
o F

/M
ed

 L
i 6

2.
5

N
o F

/L
ow

 L
i  

62
.5

N
o F

/L
ow

 L
i 1

25

D
Q
12

 3
1.

25

D
Q
12

 6
2.

5

0

200

400

600

800

w/o Poly-B

w/ Poly-B 20 M
w/ Poly-B 10 M

*

*

*
********

**

****

********

**

**
**

*ns

**
**

*
*

*

ns

ns

ns

ns

ns

ns

ns

T
N

F
- 

 (
p

g
/m

l)

A)

B)



 

64 

 

2.3.3 Cytotoxicity in J774A.1 cells  

Cytotoxicity of particles, in J774A.1 cells, was assessed using the Alamar blue and 5-

CFDA, AM assays as an indicator of mitochondrial and esterase activity, respectively. A 

range of particle concentrations (3.9 – 500 µg/ml) exposed to cells for 24 hr were studied 

and the results are presented in Figure 2.10. 

The results obtained in the study on J774A.1 cells demonstrated that the cytotoxic effect, 

for all tested particles, was particle- and concentration- dependent, with respect to the 

control group (p < 0.0001), with the higher sample concentration eliciting more toxicity. 

In general, SLS samples that did not contain fluoride in their structure (No F/Med Li, No 

F/Low Li and No F/ V low Li) showed relatively low toxicity. The only notable reduction 

in cell viability that was measured by two assays was in the response to No F/Med Li 

sample at the highest concentration administrated (250 µg/ml for Alamar blue assay with 

p < 0.001 and 125 µg/ml for 5-CFDA, AM assay with p < 0.05) (Figure 2.10E). No F/Low 

Li sample caused a decrease in cell viability but only when measured by the 5-CFDA, 

AM assay (at concentration 125 µg/ml), with borderline significance (p < 0.05) (Figure 

2.10F). Sample No F/V low Li did not affect viability of J77A.1 cells at any of the 

concentration that was investigated in this study (Figure 2.10G).  

Among the SLS samples that contained fluoride in their chemical structure, synthetic Na-

F-Hectorite caused the greatest level of toxicity which was found to be statistically 

significant at concentrations as low as 3.9 µg/ml (p < 0.0001) (Figure 2.10H), followed 

by sample Med F/High Li which was significantly toxic at a concentration of 7.8 µg/ml 

(p < 0.0001) (Figure 2.10C).  The Low F/Med Li was significantly toxic from a 

concentration of 15.71 µg/ml (p < 0.01) (Figure 2.10D). While both High F/Med Li and 

High F/Med Li washed had shown to significantly decrease cell viability from a 

concentration of 125 µg/ml (p < 0.01) (Figure 2.10A and B). The NLS samples exhibited 

relatively high toxicity towards J774A.1 cells, inducing significant loss of cell from 

concentration of 7.8 (p < 0.001 - 0.05) and 31.3 µg/ml (p < 0.01 - 0.05), for MMT and 

sHca-1 particles, respectively. Treatment of J774A.1 cells with DQ12 quartz resulted in 

a significant loss of cell viability from concentration of 31.3 µg/ml, measured by 

metabolic activity (Alamar blue assay) (p < 0.01) and 62.5 µg/ml assessed by esterases 

activity (5-CFDA, AM assay) (p < 0.05).  

The lethal concentration (LC) and lowest observed effect concentration (LOEC) values 

obtained from Alamar blue and 5-CFDA, AM assays, for each type of particle, are 
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presented in Table 2.5. LOEC is defined as the lowest concentration of a material used 

that has a statistically significant adverse effect on the exposed cells, compared with 

controls. The lower LC values that were evaluated using Alamar blue method indicated 

its increased sensitivity, therefore the LC50 values obtained from this assay were used to 

group the hazard of particles:  

Relative high toxicity samples: LC50 ≤ 10 µg/ml - Na-F-Hectorite, Med F/high Li and 

MMT  

Relative medium toxicity samples: LC50 10 - 50 µg/ml - Low F/Med Li, sHca-1and DQ12  

Relative low toxicity samples: LC50 150 - 200 µg/ml - No F/Med Li, High F/Med Li and 

High F/Med Li washed  

Non-toxic samples: LC50 > 500 µg/ml - No F/Low Li and No F/Low Li  

In order to test whether the relative cytotoxicity of SLS particles was related to the 

presence of the lithium and fluoride ions, the lithium (as LiCl) and fluoride (as NaF) salts 

was tested in the same assay conditions as the layered silicate NMs. The results are 

expressed as viability of the cells related to the fluoride and lithium salt concentration as 

shown in Figure 2.10L and M. The fluoride salt showed higher toxicity than the lithium 

salt. The NaF salt reduced significantly the cell viability at concentrations of 31.3 µg/ml 

(correspond to 14.14 µg/ml of fluoride) (p < 0.01) and 62.5 µg/ml (correspond to 28.28 

µg/ml of fluoride) (p < 0.001), measured by Alamar blue and 5-CFDA, AM, respectively. 

Lithium salts did induce low, however significant cell loss in J774A.1 cells from 

concentration of 62.5 (correspond to 10.2 µg/ml of lithium) (p < 0.05), but only measured 

as a reduction of mitochondrial activity.  
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Figure 2.10 Impact of different types of particles and salt controls on viability of J774A.1 cells. 

J774A.1 cells were exposed to medium only (control), different types of particles (A-K) and salt controls (L 

and M), in complete RPMI medium, for 24 hr. Then cell viability was assessed by Alamar blue and 5-

CFDA, AM assay and expressed as a % of the control. Values represent the mean ± SEM (n=5, significance 

is indicated by * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001). 
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Table 2.5 LOEC and LC values causing 20% (LC20) or 50 % (LC50) loss of cell viability in J774A.1 

cells. 

J774A.1 cells were exposed to medium only (control), different types of particles and salt controls in 

complete RPMI medium, for 24 hr. Then cell viability was assessed by Alamar blue and 5-CFDA, AM assay 

and LOEC and LC values were calculated. The LC values shown in the table are mean values from five 

independent experiments. Green- no effect, yellow – medium effect, red – high effect. 

 

 

2.3.4 Cytotoxicity in PBMC 

The human PBMC cells were exposed to particles for 24 hr at concentrations of 15.6, 

31.3 and 125 µg/ml and the cytotoxic effect was assessed by Alamar blue and 5-CFDA, 

AM, as shown in Figure 2.11. 

None of the SLS samples that did not contain fluoride in their chemical structure 

(No F/ Med Li, No F/ Low Li and No F/Low Li) caused significant reduction of cell 
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viability in PBMC at the concentrations tested and did not exhibit a concentration-

dependent decline in cell survival, in both types of assays (Figure 2.11F – H).  

Among the SLS samples that contained fluoride, exposure of PBMC cells to High F/ Med 

Li and High F/ Med Li washed did not induce significant loss of cell viability (Figure 

2.11A and B). The remaining particles, Med F/High Li, Low F/Med Li and Na-F-

Hectorite particles showed clear concentration dependent toxicity patterns, with respect 

to the control group, although the extent of induced cytotoxicity varied. For sample Med 

F/High Li and Low F/Med Li (only observed as reduced mitochondrial activity but not as 

a reduced esterases activity, as shown by Alamar blue and 5-CFDA, AM assay, 

respectively) the significant decrease of viable cells was detected only at the highest 

concentration tested of 125 µg/ml (p < 0.01, p < 0.05, respectively) (Figure 2.11C and 

D). Again, the greatest response was induced by sample Na-F-Hectorite which reduced 

the viability of the PBMC population to approximately 30 % at a concentration as low as 

15.6 µg/ml (p < 0.0001) (Figure 2.11E). NLS samples, MMT and sHca-1, exhibited 

concentration-dependent pattern. The cytotoxic effect after exposure to sample MMT was 

observed at the lowest tested concentration (seen only as a reduction of mitochondrial 

activity), causing approximately a 60 % reduction in cell viability (p < 0.05) (Figure 

2.11I), while sHca-1 particles caused a significant reduction in cell viability only at the 

highest concentration used (p < 0.01). The positive control sample DQ12 decreased cell 

viability in a dose-dependent manner, however reaching statistical significance only in 

response to the highest exposure concentration (p < 0.01) (Figure 2.11K). 

The LC and LOEC values that were calculated from dose response curves are presented 

in Table 2.6 and a following toxicity ranking according to the LC20 values (based on 

Alamar blue assay because of its higher sensitivity) was compiled: 

Relative high toxicity samples: LC20 ≤ 20 µg/ml - Na-F-Hectorite, MMT and Med F/High 

Li 

Relative medium toxicity samples: LC20 20 – 125 µg/ml - DQ12, sHca-1 and Low F/Med 

Li  

Non-toxic samples: LC20 > 125 µg/ml - No F/Med Li, High F/Med Li, High F/Med Li 

washed, No F/Low Li and No F/Low Li.  
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Figure 2.11 Impact of different types of particles on viability of PBMC cells. 

PBMC cells were exposed to medium only (control) and different types of particles, in complete Iscove 

medium, for 24 hr prior to cell viability was assessment by Alamar blue and 5-CFDA, AM assay. Values 

represent the mean ± SEM (n=5, significance is indicated by * = p < 0.05, ** = p < 0.01, *** = p < 0.001, 

**** = p < 0.0001). 
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Table 2.6 LOEC and LC values causing 20% (LC20) or 50 % (LC50) loss of cell viability in 

PBMCcells. 

PBMC cells were exposed to medium only (control), different types of particles and salt controls in complete 

Iscove medium, for 24 hr. Then cell viability was assessed by Alamar blue and 5-CFDA, AM assay and 

LOEC and LC values were calculated. The LC values shown in the table are mean values from five 

independent experiments. Green- no effect, yellow – medium effect, red – high effect. 
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2.4 Discussion  

 

2.4.1 Overview of results  

The focus of this study was to evaluate physicochemical properties of tested particles and 

their potential to cause toxicity towards two in vitro models of macrophages: J774A.1 

and PBMC.  

For physicochemical characterization different methods were employed such as DLS, 

BET, AFM and SEM, and this allowed the layered silicates samples to be ranked 

according to their characteristics:  

• Fluoride content: High F/Med Li > Na-F-Hectorite > High F/Med Li washed = 

Med F/High Li > Low F/Med Li > sHca-1 > No F/Med Li = No F/Low Li = No 

F/V low Li = MMT 

• Lithium content: Med F/High Li > High F/Med Li = High F/Med Li washed = 

Low F/Med Li > No F/Med Li > Na-F-Hectorite > No F/Low Li > sHca-1 > No 

F/V low Li > MMT 

• Hydrodynamic diameter in complete RPMI medium: Na-F-Hectorite > MMT > 

sHca-1 > High F/Med Li > High F/Med Li washed > Med F/High Li > Low F/Med 

Li > No F/ V low Li > No F/V low Li 

• Hydrodynamic diameter in complete Iscove medium: Na-F-Hectorite > sHca-1 > 

MMT > Med F/High Li > No F/Med Li > High F/Med Li > Low F/Med Li > High 

F/Med Li washed > No F/V low Li > No F/Low Li  

• Surface area: No F/V low Li > High F/Med Li > No F/Med Li > No F/Low Li > 

High F/Med Li washed > Low F/Med Li > Med F/High Li > MMT > sHca-1 > 

MMT > Na-F-Hectorite  

The impact of different types of layered silicates on macrophages was assessed using two 

different methods: Alamar blue, as an indicator of mitochondrial function and 5-CFDA, 

AM, as an indicator of esterases activity. The cytotoxicity assessment enabled ranking of 

tested samples toxicity and identification of sub-lethal concentrations for subsequent 

experiments. The obtained results showed cell specific sensitivity, with a greater 

sensitivity of J774A.1 over PBMC cells. For both types of cells, the induced cytotoxicity 

was to a varying levels, depending on the type of layered silicate sample.  
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The study showed that both the fluoride and lithium content were unlikely to be the main 

influencing factors responsible for the cytotoxic potential of the examined layered silicate 

samples. By contrast, it seemed that the observed cytotoxic effect was related to size 

and/or dispersion stability of particles, with bigger particles or agglomerates being more 

toxic than smaller particles. 

Layered silicate NMs exhibited substantial interference with endpoint chromogenic LAL 

assay. This issue was overcome by successfully using a TET method for assessment of 

endotoxin contamination.  

 

2.4.2 Physicochemical properties of layered silicate NMs and their cytotoxic potential 

In order to conduct reproducible and reliable toxicological studies it is essential to have 

control over dispersion quality of NMs, as this can have a key impact on their 

physicochemical properties  (Powers et al., 2007).  The outcome of both in vitro and in 

vivo experiments can be significantly affected by characteristics of NMs such as size, 

agglomeration state, surface area which are highly dependent on the composition of the 

dispersion media, e.g. presence of proteins, as well as the time of storage and temperature 

conditions (Kaur et al., 2017; Teeguarden et al., 2007). 

In this study, in order to obtain stable suspensions, investigated particles were dispersed 

according to the protocol provided by Jacobsen and coworkers (Jacobsen et al., 2010). 

This method relies on using heat inactivated serum proteins, to form a protein corona 

(Lynch & Dawson, 2008) on the surface of particles, which ultimately stabilizes 

dispersions, as demonstrated in a number of studies (Foucaud et al., 2007; Ji et al., 2010; 

Kermanizadeh et al., 2013). In addition, dispersion of NMs in serum is more reflective of 

the in vivo situation, where abundant forms of proteins are present in the blood and other 

biological fluids (Stone et al., 2009). Layered silicates, due to their high chemical 

reactivity and high sorption capability, can adsorb many types of ions or molecules at 

their surface (both polar and non-polar, negatively- and positively-charged) (Tomás et 

al., 2016), therefore the serum coating step has the potential to reduce interaction of 

particles with media components. However, in the presented study some minor changes 

were introduced to the original dispersion protocol, in order to obtain the desired degree 

of dispersion. Specifically, layered silicates were firstly dispersed in MiliQ water, 

vigorously vortexed and mixed for 1 hr, before addition of serum and subsequent 
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sonication. Due to the osmotic swelling properties of layered silicates (Pham & Nguyen, 

2014; Schoonheydt & Johnston, 2013), this method allowed separation of the clay 

crystals, by ion exchange process between cations in the interlayer space and water 

molecules (Geng et al., 2014). Indeed, AFM images obtained in this study revealed that 

the majority of Med F/High Li and No F/Med Li samples, appeared to form relatively 

good exfoliated layered structures in MiliQ water, with the flake thickness of 1.5 – 2.5 

nm, indicating the presence of single sheets or 2 sheets stacked together. However, 

remaining layered silicate samples were not assessed by AFM due to limited access to the 

equipment.  

Protein corona formation depends upon both the protein and particle characteristics (Nel 

et al., 2009). The presence of the protein corona can greatly affect the size of NMs and 

their agglomerates. Indeed, in our study, DLS analysis indicated that in the cell culture 

media containing 10 % serum formation of larger agglomerates of NMs was more evident 

than in MiliQ water alone, likely due to the interactions of layered silicates with the 

proteins in the media forming coronas. Overall, the SLS particles, except Na-F-Hectorite, 

were found to be within or close to nano-size range in both types of media (hydrodynamic 

diameter varied between 77- 182 nm). By contrast, Na-F-Hectorite and both types of NLS 

(MMT and sHca-1) possessed micrometer diameter. As expected, BET analysis showed 

that Na-F-Hectorite particles were much larger than the rest of the studied samples, and 

as such were characterized by the lowest specific surface area. Similarly, the smallest 

samples measured by DLS, which included High F/Med Li, No F/Med Li, No F/Low Li 

and No F/V low Li possessed the highest surface areas, which were larger than the surface 

area of Na-F-Hectorite and NLS samples by approximately 60- and 6-times, respectively.  

Measurement of PDI suggested that the majority of samples formed relatively 

monodispersed suspensions. However, this was not the case for Na-F-Hectorite, MMT 

and sHca-1, for which high PDI values were obtained, especially when dispersed in cell 

culture media, indicating that DLS may be not suitable method for size assessment for 

this samples. In addition, this technique is accurate for size measurement of spherical 

particles and is less reliable for particles possessing non-spherical geometries. However, 

despite the limitations of the DLS technique, it still provided valuable comparison data 

between the different types of layered silicate particles.  

SEM was utilized to give an additional insight into particle morphology. SEM analyses 

revealed layered platelet surfaces of imaged dry powder samples. However, due to 
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formation of agglomerates, driven by electrostatic interaction and van der Waals forces 

between individual platelets (Brigatti et al., 2013), it was not possible to provide valid 

information about size of individual platelets and particle size distribution examined in 

this study. To address this issue in the future, an AFM technique could be utilized. 

Reliability of the in vitro as well in vivo safety assessment required not only accurate 

physicochemical characterisation of NMs but also measurement of biologically active 

contaminants, such as endotoxins (Li & Boraschi, 2016). The Gram-negative 

endotoxin/LPS is a highly biologically active molecule that can cause significant toxic 

and inflammatory effects. The inflammatory potency of LPS is mediated through TLR4 

signalling pathway, leading to secretion of pro-inflammatory mediators, such as TNF-α, 

IL-1β or IL-6 (Li & Boraschi, 2016). It has been shown that a concentration of endotoxin, 

even as low as 0.1 EU/ml can alter expression of pro-inflammatory cytokines in primary 

human monocytes (Oostingh et al., 2011). While the LAL assay is the most commonly 

used method for endotoxin assessment in pharmaceutical products and NMs 

(Dobrovolskaia et al., 2010), several reports highlighted challenges of interference of 

NMs with this assay system, due to either adsorption of LPS on the NM surface, optical 

interference or direct interaction of NMs with the assay components (Dobrovolskaia et 

al., 2010; Smulders et al., 2012; Mukherjee et al., 2016). As a result of the interference, 

the sensitivity of assays can be greatly affected leading to inaccurate outcomes, either 

false negative or false positive results. This in turn makes difficult to discriminate the true 

effect of NMs from the effect caused by the presence of contaminates, when assessing 

NM toxicity. It is important to mention that although there are several methods that can 

be used to remove endotoxin contamination (Li & Boraschi, 2016a), they are often highly 

aggressive (such as high temperature) and cannot be used for most of NMs, without 

changing their physicochemical properties. 

In the present study the endpoint chromogenic LAL assay was used for assessment of 

endotoxin contamination in layered silicate samples. However, this method was not 

appropriate for LPS assessment for these types of particles. When the quality control 

samples were spiked with LPS, the recovery was lower than expected, indicating that the 

endotoxin levels were underestimated and could not be reliably quantified at this 

concentration. In order to eliminate the interference with the LAL assay, dilution of the 

sample by 10-fold (6.3 µg/ml) was investigated. This step however did not improve the 

spike recovery yields, as the values were still below acceptable levels. It is also important 
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to add that further dilutions could not be performed, as they would exceed the maximum 

valid dilution. The reasons for the interference in this study remain to be understood. 

However, it can be hypothesised that highly reactive nature of layered silicate surface can 

bind amphiphilic LPS molecules, thus limiting their activity and/or accessibility to LAL 

lysate components. Indeed, our findings are in line with the study done by Schaumberger 

and co-workers, in which it has been shown that nanoclays (bentonite and organoclays) 

have a high ability to bind endotoxins on their surface (Schaumberger et al., 2014), 

however authors did not investigate the exact mechanism behind it. This was also shown 

by Stueckle et al., where the Cloisite®Na (pristine MMT) was able to bind 63.5 % of the 

internal spike (Stueckle et al., 2018).  Interestingly, in our work, the lower spike recovery 

levels were obtained for samples with higher surface areas (Med F/High Li and Low 

F/Med Li and No F/Med Li), compared to sHca-1 particles which possessed a lower 

surface area. Thus, it is most likely that the increased endotoxin adsorption was a result 

of higher specific surface area.  

Due to clear interference of layered silicate samples with the LAL assay, an alternative 

TET method was implemented for endotoxin detection (Mukherjee et al., 2016). This 

method uses a well investigated polypeptide antibiotic, polymyxin B sulphate, which 

through disruption of LPS molecular structure inhibits its activity  (Pristovšek & Kidrič, 

1999). The results have shown that High F/Med Li, No F/Med Li, No F/Low Li, sHca-1, 

MMT, Na-F-Hectorite and DQ12 caused significant amounts of TNF-α in J774A.1 cells, 

which was not supressed by polymyxin B sulphate, indicating that these samples were 

endotoxin free. By contrast, polymyxin B sulphate was able to significantly reduce 

marked levels of TNF-α following exposure to Med F/High Li and Low F/Med Li 

particles, suggesting endotoxin presence in these samples. It is important to acknowledge 

the limitation of polymyxin B sulphate within presented study. Polymyxin B sulphate 

inhibits only the effect of LPS originated from Gram-negative bacteria, however other 

components of the cell wall and membrane of Gram-positive and Gram-negative bacteria 

can stimulate the secretion of inflammatory cytokines in macrophages (Becker et al., 

2002). Thus, it is not possible to exclude that samples which induced high levels of TNF-

α were contaminated by other bacterial constituents, than LPS. For future studies, by 

using inhibitors of TLR2 and TLR4 receptors, an assessment of presence of bacterial 

components from Gram-positive and Gram-negative bacteria, respectively, could be done 

(Becker et al., 2002). 
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Overall, the endotoxin assessment study in this project highlighted the importance of LAL 

result verification and showed that TET assay provides a good tool for the screening of 

LPS content in layered silicate NMs.  

Next, the effects of tested particles on the viability of macrophage cells was investigated. 

The obtained cytotoxicity data allowed to rank cytotoxicity of particles and select 

sublethal concentrations for subsequent experiments described in next chapters. Particles 

were tested at concentrations ranging from 3.9 to 500 µg/ml, for J774A.1 cells and at 

15.6, 31.3 and 125 µg/ml, for PBMC, due to the limited number of cells. The cytotoxicity 

results showed that the murine macrophage cell line, J774A.1, was more sensitive 

compared to human PBMC cells, following their incubation with different layered 

silicates samples, when comparing the LC and LOEC values. The cell specific differences 

in obtained results could have been caused by the species origin of the cells (human vs 

mouse), the implementation of different media compositions (Iscove vs RPMI medium) 

as well as different types of serum. In the case of J774A.1 cells heat-inactivated FBS was 

used, whereas heat-inactivated autologous serum from the corresponding donor was used 

to assess toxicity in PBMC cells. It has been shown that, human serum is approximately 

7 times richer in lipids than FBS (Lagarde et al., 1984), and this may affect the reactivity 

of particles towards the macrophages. In addition, existing research indicates that the 

concentration of FBS can influence the outcomes of cytotoxicity studies. For example, 

the cytotoxic behaviour of pristine MMT was masked by the presence of 5 % FBS, 

whereas incubation of MMT in medium containing 2.5 % or no FBS increased its toxicity 

in human monocytic U937 cells (Lordan & Higginbotham, 2012). However, despite 

differences in sensitivity the general trends in the ranking of cytotoxicity of studied 

materials remained similar between the two cell types. In addition, the two independent 

methods of cytotoxicity assessment were in good agreement, however measurements of 

mitochondrial function (Alamar Blue assay) appeared to be more discerning relative to 

esterases activity evaluation (5-CFDA, AM assay), in both types of cells.  

The obtained data demonstrated the potential of layered silicates to cause cytotoxicity in 

both J774A.1 and PBMC cells. The degree of induced loss of cell viability depended on 

the type of layered silicate tested. Na-F-Hectorite, MMT, sHca-1, Med F/High Li and 

Low F/Med Li were considerably more toxic in J774A.1 cells with LC50 values in the 

range of 7.1 to 28.0 µg/ml. In PBMC cells, again Na-F-Hectorite, MMT and Med F/High 

Li demonstrated higher level of toxicity, with the LC20 values ranging from 2.6 – 19.4 
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µg/ml. Interestingly, Na-F-Hectorite, MMT and sHca-1 samples were the largest samples 

(as measured by DLS and BET), suggesting that the size of particles can be considered a 

potential determinant for observed differences. Conversely, the smaller NMs (samples 

No F/Med Li, No F/Low Li, No F/V low Li, High F/Med Li and High F/Med Li washed) 

displayed no toxicity in PBMC cells and relatively low toxicity from concentration of 125 

µg/ml in J774A.1 cells. These conclusions are in contrast with most other studies on NMs 

in which decreased size of particles has been associated with their increased toxicity, due 

to the higher surface area per unit mass (Duffin et al., 2007; Johnston et al., 2010). 

However, obtained results in our work were in line with study done by Tee et al. (Tee et 

al., 2015).  The authors showed that cytotoxicity of synthetic fluoromica is dependent on 

the platelet size, where the cytotoxic effect decreased with decreasing platelets diameter. 

The authors concluded that the greater cytotoxicity of larger particles was related to their 

higher presence on the cellular surface, which leads to membrane disruption. Also, Verma 

et al. showed an inverse relationship between cell viability and specific surface area of 

nanoclays in A549 cells (Verma et al., 2012). Studies by Sharma et al. also complemented 

findings of the presented study and showed that  organically modified MMT 

(Cloisite®30B) at the nano scale were less cytotoxic than their micro scale counterparts 

on Caco-2 cells (Sharma et al., 2010), however authors filtered suspension of micro size 

MMT to obtain nano size MMT, and provided only the stock concentration (before 

filtration) so the final concentration, of filtered sample, was uncertain. A study by Janer 

et al. did not find any differences in cytotoxicity of smaller (100-822 nm) compared to 

larger (100-3230 nm) sized pristine MMT, across several cell lines (Janer et al., 2014). 

In addition, Lordan et al. demonstrated that increased membrane damage (measured by 

LDH) in human hepatoma HepG2 cells was induced by more agglomerated Cloisite®Na 

(pristine MMT) rather than more “wide scattered Cloisite®93A (organically modified 

MMT) particulates” (Lordan et al., 2011), and suggested that behaviour of clays in 

dispersion has an effect on their mechanisms of toxicity (Lordan et al., 2011). 

Furthermore, the state of nanoclay exfoliation was shown to influence the toxicity, 

whereby smaller tactoids of organo-modified MMT caused lower levels of toxicity 

compared to its more agglomerated counterpart towards NIH/3T3 murine embryonic 

fibroblasts (Osman et al., 2017). Similarly, positive correlation between the cytotoxic 

effect and the level of exfoliation of other 2D NM, MoS2, was observed, most probably 

related to increase in surface area and active edge sites (Chng et al., 2014). 
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In this study, despite the efforts to obtain a well-dispersed suspension of investigated 

particles, precipitation was observed for samples Na-F-Hectorite, MMT, sHca-1 and Med 

F/High Li that were dispersed in complete RPMI medium. As a result of this, the cell 

delivered concentration may have been considerably higher than the initial concentration. 

The formation of an unstable suspension can explain the relatively high toxicity of Med 

F/High Li particles, in both J774A.1 and PBMC cells. For future experiments UV-Vis-

NIR spectrophotometry could be implemented for a quantitative assessment of 

sedimentation. However, in this context it is difficult to rationalise relatively high levels 

of toxicity for Low F/Med Li sample in J774A.1 cells, which hydrodynamic size and 

surface area was similar to High F/Med Li and High F/Med Li washed yet eliciting a 

higher degree of cytotoxicity. In addition, this sample was shown to form suspensions 

without any visible precipitations. This suggests that other characteristics may play a role 

in induced cellular toxicity. In particular, the high toxicity of Low F/Med Li and also Med 

F/High Li may be related to endotoxin contamination. Therefore, endotoxin 

contamination might help to explain the relative toxicity and potency of these samples, 

especially for the Low F/Med Li sample being relatively more toxic compared to samples 

of similar size.  

In the presented study, the cytotoxicity for Med F/High Li, Low F/Med Li, Na-F-

Hectorite, MMT and sHca-1 samples outscored the effect of DQ12 quartz, in J774A.1, 

indicating relatively strong toxic potential of these samples. The cytotoxic effect of MMT 

is consistent with reports in a number of other studies using in vitro models of 

macrophages and lung epithelial cells (Wagner, et al., 2017; Wiemann et al., 2020; Verma 

et al., 2012). For example, Connolly and colleagues observed a significant reduction of 

cell viability, in J774A.1, at the same concentration (7.8 µg/ml) of MMT, used in this 

study (work done in the same laboratory) (Connolly et al., 2019). In addition, the higher 

toxicity of tested layered silicates NMs compared to DQ12 quartz, as found in this study 

in vitro, has been previously documented. Zhang and colleagues have shown that 

bentonite clays caused more cytotoxicity to human B lymphoblast cells than DQ12, due 

to direct damage to the cell plasma membrane (Zhang et al., 2010). Similarly, bentonite 

was found to be more toxic compare to DQ12, on NR8383 alveolar macrophages in vitro 

(Wiemann et al., 2020). However, it is important to state that sample of DQ12, used in 

the presented study, was relatively old and therefore the toxic potency of this sample in 

vitro might be reduced. Previously, it has been shown that freshly ground silica is more 
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cytotoxic and is a more potent activator of alveolar macrophages compared to aged silica 

of similar size (Vallyathan et al., 1991). 

Based on our results, it was not possible to identify a relationship between 

fluoride/lithium content in SLS particles and cytotoxicity in PBMC and J774A.1 cells. 

The NaF salt reduced significantly the J774A.1 cell viability from concentration of 31.3 

µg/ml, which corresponds to 14.1 µg/ml of fluoride. These findings indicated that 

introduction of soluble species of fluoride, into the cellular environment from 

concentration of 14.1 µg/ml has a significant effect on the viability of J774A.1. By 

contrast, Na-F-Hectorite, Med F/High Li and Low F/Med Li, the most cytotoxic samples, 

caused significant cell reduction at very low concentrations, which are equivalent to 0.38, 

0.67 and 0.72 µg/ml fluoride (assuming 100 % release of  fluoride from particles). In 

addition, in both types of macrophages, samples with a medium level of fluoride, Med 

F/High Li (8.6 wt% of fluoride) and Na-F-Hectorite (9.8 wt% of fluoride), were found to 

be more cytotoxic (based on LOEC and LC values) than the sample Hi F/Med Li washed, 

which contained the same amount of fluoride as Med F/High Li (8.6 wt% of fluoride), or 

High F/Med Li, which contained a higher amount of fluoride (11.5 wt% of fluoride). In 

addition, in J774A.1 cells, sample Low F/Med Li, which contained the lowest level of 

fluoride (4.6 wt% of fluoride) among samples containing fluoride, exhibited a higher level 

of cytotoxicity than the sample High F/Med Li with the highest amount of fluoride (11.5 

wt% of fluoride). Therefore, it can be assumed that the cytotoxic effect of SLS was 

attributed to the presence of solid SLS NMs and that fluoride was not a factor driving 

SLS toxicity.  

Lithium was also hypothesised as another potential factor present in SLS samples that 

could cause cytotoxicity. The ionic control, LiCl, in J774A.1 cells induced significant cell 

reduction from concentration of 62.5 µg/ml (measured only by Alamar Blue assay), which 

corresponds to 10.23 µg/ml of lithium. In comparison, the most cytotoxic samples, Med 

F/High Li, Low F/Med Li and Na-F-Hectorite, caused a decrease in cell viability at 

lithium concentrations of 0.13, 0.11 and 0.02 µg/ml, which were 2 – 3 orders of magnitude 

lower compared to the concentration of lithium in the ionic control (similarly, the 

concentration was calculated assuming 100 % release of lithium from particles). Further 

analysis of the data acquired for the SLS particles indicated that samples with the same 

amount of lithium (0.7 wt% of lithium), High F/Med Li, High F/Med Li washed, Low 

F/Med Li and No F/Med Li exhibited markedly different levels of toxicity in J774A.1 
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cells (LC50 for concentrations ranging from 22.24 µg/ml up to 165.5 µg/ml). These results 

supported the conclusion that there is no link between lithium and SLS toxicity, in J77A.1 

cells. Similar conclusions were made in PBMC cells: among all SLS NMs studied in 

PBMC cells, the greatest level of cytotoxicity was caused by Na-F-Hectorite, which 

contained relatively low amounts of lithium (0.46 wt% of lithium). In addition, no 

significant cytotoxicity was induced by SLS NMs, which varied in lithium content from 

0.013 % to 0.7 %, at any applied particle concentration. This suggested that lithium did 

not impact the SLS toxicity in PBMC cells. 

For future studies it is essential to assess the amount of fluoride and lithium released to 

the medium from layered silicate NMs. This will help to assess the exact concentration 

of ions that cells are exposed.  

 

2.5 Conclusions 

In summary, this study demonstrated that layered silicate NMs have the potential to 

produce toxic effects in vitro and that the toxicity potential varied greatly depending on 

the type of particles, as measured in both J774A.1 and PBMC cells. The increased cell 

death was likely driven in part by particle size/surface area, and in contrast to original 

hypothesis, the bigger particles or agglomerates were more toxic than smaller particles. 

In addition, cell death was associated with the stability of particle suspensions, rather than 

presence of fluoride/lithium in the chemical structure of layered silicate NMs. Therefore, 

the hypothesis that particles with higher fluoride/lithium level possess greater toxic 

potency was rejected. Contamination of Med F/High Li and Low F/Med Li samples with 

bacterial endotoxin also contributed to their cytotoxic potential. 

Despite the lower sensitivity of PBMC the cytotoxicity trend was similar, indicating good 

agreement of results between the two models. In the present study, investigated materials 

were found to cause significant interference with the endpoint chromogenic LAL assay 

used for endotoxin detection. However, by using TET method the presence of LPS could 

be assessed.  
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Chapter 3. Inflammatory potency of layered silicate NMs 
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3.1 Aims and hypothesis  

The aim of this chapter was to: 

• Assess the inflammatory potential of different types of layered silicates, 

measured by the release of pro-inflammatory cytokines (IL-8 and TNF-α) and 

gene expression for various cytokines (MIP-2, MCP-1and TNF-α), using in vitro 

models of macrophages: J774A.1 murine cell line and PBMC. 

• Assess which characteristics of layered silicates influence their inflammatory 

potency. 

The hypothesis of this chapter: 

• Physicochemical characteristics of layered silicate NMs influence their ability to 

induce a pro-inflammatory cytokine response in macrophage cell lines.  More 

specifically: 

o Layered silicates with higher lithium and/or fluoride content possess 

higher pro-inflammatory potency. 

o Size and surface area influence layered silicates pro-inflammatory 

potency, with smaller particles possessing higher inflammatory potency 

than bigger particles. 
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3.2 Materials and methods 

 

3.2.1 Cytokine secretion analysis 

 

3.2.1.1 Luminex® 

The levels of human cytokine proteins secreted into cell culture media by PBMCs was 

determined using the Luminex® mouse cytokine 2-plex assay (R&D Systems Europe, 

Ltd.). The system is an immunoassay formatted onto magnetic beads with covalently 

coupled capture antibodies directed against the desired proteins. The principle of 

Luminex® assay is presented in Figure 3.1.   

 

Figure 3.1. Schematic overview of Luminex® assay. 

 

The exposure supernatants, obtained from the cytotoxicity experiments (section 2.2.6), 

on the day of analysis were thawed, centrifuged at 10000 g and tested for the presence of 

human pro-inflammatory cytokines: TNF-α and IL-8. Supernatant from untreated cells 
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served as a negative control, positive control consisted of supernatant of cells exposed to 

LPS, at concentration of 100 ng/ml, and complete Iscove medium was used as a blank 

sample. The three concentrations, 15.6, 31.3 and 125 µg/ml, were tested for each particle 

type.  

Briefly, 25 µl of mixture of magnetic beads was added to each well of a black 96-well 

plate, alongside standards (50 µl/well) and samples (50 µl/well). The plate was sealed and 

incubated for 2 hr on a horizontal orbital shaker with constant shaking. Next, the plate 

was washed three times with 100 µl of wash buffer (provided by manufacturer) and the 

beads were captured using a 96 well plate magnetic adaptor. Biotin detection antibody 

cocktail (25μl) was added to each well, the plate was then sealed and incubated on a 

horizontal orbital shaker for 1 hr, followed by washing steps (as described above). 

Streptavidin-Phycoerythrin (25μl) was then added to each well and plate was sealed, 

incubated on a horizontal orbital shaker for 30 minutes and washed three times again 

using a 96 well plate magnetic adaptor. Finally, beads were resuspended by adding 100 

µl of wash buffer followed by 2 minutes incubation on a horizontal orbital shaker. The 

concentration of cytokines in the supernatants was determined using a standard curve, 

using MagPix software. 

 

3.2.1.2 ELISA 

Secretion of pro-inflammatory cytokine TNF-α, in the supernatant (obtained from the 

cytotoxicity experiments (section 2.2.6)) of murine J774A.1 cells exposed to tested 

particles, was analysed by ELISA (R&D Systems Europe, Ltd.).  

Particles were tested at sublethal concentrations, chosen on the basis of LC values 

obtained from cytotoxicity results described in section 2.3.3. Samples Na-F-Hectorite, 

Med F/High Li, Low F/Med Li, MMT and sHca-1 were tested at 3.9, 7.8, 15.6 and 31.3 

µg/ml whereas High F/Med Li, High F/Med Li washed, No F/Med Li, No F/Low Li and 

No F/V low Li particles were assessed at 15.6, 31.3, 62.5 and 125 µg/ml. NaF was tested 

from 3.9 – 31.3 µg/ml, whereas LiCl was assessed from 15.6 – 125 µg/ml.  Supernatant 

from untreated cells served as a negative control, positive control consisted of supernatant 

of cells exposed to LPS, at concentration of 10 ng/ml, and complete RPMI medium was 

used as a blank sample.  
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On the day of the cytokine analysis, the supernatants were thawed and assayed as 

described previously in section 2.2.5.2.2.1.  

 

3.2.2 Cell culture 

J774A.1 cells were cultured as described in section 2.2.2.1. 

 

3.2.3 Particle dispersion protocol for J774A.1 cell treatment 

Particles dispersion were prepared as described in section 2.2.3.1. 

 

3.2.4 Gene expression analysis 

 

3.2.4.1 Cell treatment for polymerase chain reaction (PCR) experiment 

The gene expression studies were carried out by seeding J774A.1 cells in flat bottomed 

24-well plates at a density 5.0 x 105 cells/ml. Cells were exposed to three different sub-

lethal concentrations of each particle type, chosen on the basis of LC values obtained from 

cytotoxicity results described in section 2.3.3 and incubated at 37oC and 5 % CO2. Sample 

High F/Med Li, High F/Med Li washed, No F/ Med Li, No F/Low Li, No F/V low Li and 

DQ12 were investigated at 31.3, 62.5 and 125 µg/ml. Sample Med F/High Li, Low F/Med 

Li, Na-F-Hectorite, MMT and sHca1 were tested at 7.8, 15.6 and 31.3 µg/ml. The control 

cells received medium only. The cells treated with 10 ng/ml of LPS served as a positive 

control. The changes of gene expression were measured at 4, 6 and 24 hr following 

particle exposure.  

 

3.2.4.2 Ribonucleic acid (RNA) isolation 

After exposure to particles the medium was removed, and cells were washed with ice cold 

PBS.  The total RNA was extracted using MagMax™-96 total RNA isolation kit (Thermo 

Fisher Scientific, UK), according to manufacturer’s protocol. 

Briefly, cells were homogenized by adding 140 µl of guanidinium thiocyanate–based 

lysis buffer, under high speed agitation for 1 minute on a horizontal orbital shaker. This 

rapidly releases nucleic acid from samples, while simultaneously inactivating nucleases 
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in order to obtain intact RNA. Next, samples were moved to round-bottomed 96-well 

plates, and nucleic acid binding magnetic beads (20 µl) were added to the samples. After 

5 minutes of rapid shaking, on a horizontal orbital shaker, the magnetic beads were 

captured using a magnetic processing plate and washed using 150 µl of wash solution 1 

(provided by manufacturer) followed by another washing step with 150 µl of wash 

solution 2 (provided by manufacturer). Next, Turbo®DNase solution (50 µl) was added, 

for 15 minutes, which caused the release of all nucleic acids from the capture beads and 

the degradation of genomic DNA. In order to rebind RNA back onto the magnetic beads, 

100 µl of RNA rebinding solution was added, for 3 minutes, followed by two further 

washing steps. The beads containing RNA were dried by shaking for 2 minutes on a 

horizontal orbital shaker, and finally RNA was eluted from the magnetic beads with 25 

µl of elution buffer.   

The concentration of RNA was quantified by measuring absorbance at 260 nm, and the 

RNA purity was evaluated by measuring the ratio of absorbance at 260 and 280 nm 

(A260:A280), and 260 and 230 nm (A260:A230). Ratio A260:A280 indicates the degree of 

protein contamination, whereas A260:A230 estimates organic solvent contamination. 

Samples with A260:A280 ratio of 1.8-2.1, A260:A230 ratio of 2.0-2.2 were considered as pure 

and were used for downstream applications.  The spectrophotometric measurements were 

taken using NanoDrop™ 2000c spectrophotometer blanked with the elution buffer.  Stock 

concentration of 22.2 ng/µl of extracted RNA was prepared in diethylpyrocarbonate 

(DEPC) H2O and kept in -80°C until needed.  

 

3.2.4.3 Complementary deoxyribonucleic acid (cDNA) synthesis 

A high Capacity RNA-to-cDNA™ kit (Thermo Fisher Scientific, UK) was used for 

cDNA synthesis, according to the manufacturer’s guidelines.  

A total amount of 200 ng of RNA (9µl) was added into 11 µl of master mix (consisting 

of 10 µl of buffer mix and 1 µl of enzyme mix (consisting of reverse transcriptase); both 

provided by manufacturer) into 0.2 ml PCR tubes. Next, samples were incubated at 37°C 

for 60 minutes, when the cDNA synthesis occurred, followed by 5 min incubation at 

95°C, in order to stop the reaction. Reactions were performed in a Thermal cycler and the 

final cDNA product was stored at -20°C. A parallel reaction consisting of RNA but 
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without reverse transcriptase was included to evaluate potential genomic DNA 

contamination.  

 

3.2.4.4 Quantitative real time polymerase chain reaction (qRT-PCR) 

QRT-PCR reactions were performed, in duplicate for each gene in each experiment, using 

a 7900 RT fast PCR system, employing TaqMan™ probe‐based chemistry.  

For each reaction 10 µl of TaqMan™ Universal master mix II (no UNG) (Thermo Fisher 

Scientific, UK) was mixed with 1 µl of TaqMan™ gene expression assay (Thermo Fisher 

Scientific, UK), 7.4 µl of DEPC H2O and 1.6 µl of cDNA (16 ng of cDNA), in the wells 

of a 384-well PCR plate. The identification numbers and names for used TaqMan™ gene 

expression assay are shown in Table 3.1. The plate was sealed and the reactions were 

carried out using the following cycling parameters: 95°C for 10 min, followed by 40 

cycles of 15 s at 95°C and 1 min at 60°C.  

All samples were analysed by SDS software using the delta delta cycle threshold (Ct) 

(ΔΔCt) method for quantification, in relation to glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) housekeeping gene. Data were reported as a relative 

quantification (RQ) (fold change of the target gene relative to untreated (control) cells).  

To ensure that there was no contamination with reagents or genomic DNA, each PCR 

experiment included a no template control (RNA sample not converted to cDNA) and a 

blank sample (DEPC water instead of RNA). 

 

Table 3.1 The identification numbers and names for used TaqMan™ gene expression assays. 

Gene TaqMan gene expression 

assay ID 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) Mm99999915_g1 

Tumor Necrosis Factor-alpha (TNF-α) Mm00443258_m1 

Monocyte Chemoattractant Protein-1 (MCP-1) Mm00441242_m1 

Macrophage Inflammatory Protein-2 (MIP-2) Mm00436450_m1 

 

3.2.5 Statistical analysis  

All data were analysed as described previously in section 2.2.7. 
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3.3 Results  

 

3.3.1 Assessment of TNF-α release by J774A.1 cells upon particle exposure 

The TNF-α release was investigated in supernatants of J774A.1 cells exposed to particles 

via ELISA. 

The TNF-α secretion was enhanced on exposure to most of the particles studied, in a 

concentration- and particle- dependent manner (p < 0.0001) (Figure 3.2). The strongest 

effect was observed for sample MMT and Na-F-Hectorite significantly inducing TNF-α 

secretion from a concentration as low as 3.9 µg/ml, with this effect maintained across all 

concentrations tested (p < 0.001 and p < 0.0001, respectively) (Figure 3.2A and C). 

Moreover, the amplitude of TNF-α secretion for these samples was substantially greater 

than in response to the positive control DQ12, even at the lower exposure concentrations 

of 7.8 µg/ml, with ca. 25 and 10 times more TNF-α release upon MMT or Na-F-Hectorite 

exposure, respectively. Similarly, the significant TNF-α release was noted from the low 

concentration of 7.8 µg/ml upwards in response to sample Med F/High Li (p < 0.05) and 

from 15.6 µg/ml for samples sHca-1 and Low F/Med Li (p < 0.0001 and p < 0.001, 

respectively) (Figure 3.2A and C). The samples No F/Low Li and High F/Med Li washed 

caused significant release of TNF-α only at the highest concentration tested (p < 0.05 and 

p < 0.0001, respectively) (Figure 3.2A and B). For sample High F/Med Li and No F/Med 

Li a significant release of TNA-α was observed at concentrations of 62.5 µg/ml (p < 0.01) 

and 31.3 µg/ml (p < 0.05), respectively (Figure 3.2A and B). The only particle, which did 

not induce TNF-α production was sample No F/V low Li (p > 0.05), for which the 

concentration dependent effect was not evident (Figure 3.2B). DQ12 caused a 

concentration dependent release of TNF-α, being significant from concentration of 31.3 

µg/ml (p < 0.001) (Figure 3.2D). Similarly, the cells treated with LPS produced 

significant amounts of TNF-α (p < 0.0001) (Figure 3.2D). NaF salt induced significant 

production of TNF-α at the highest concentrations tested of 31.3 µg/ml (p < 0.01) (Figure 

3.2E), whereas LiCl did not induce TNF-α production at any concentration used (p > 

0.05) (Figure 3.2E).  

The particles can be placed in the following order, in terms of TNF-α secretion in J774A.1 

cells:  
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Na-F-Hectorite >MMT> Low F/High Li > Med F/High Li > sHca-1 > High F/Med Li = 

High F/Med Li washed > No F/Med Li > No F/Low Li/No F/V low Li 

 

Figure 3.2 TNF-α release from J774A.1 cells. 

J774A.1 cells were exposed for 24 hr to (A) SLS samples with fluoride, (B) SLS samples without fluoride, 

(C) NLS samples, (D) positive controls and (E) salt controls, at different concentrations, and the level of 

TNF-α, in the cell supernatant, was measured using an ELISA. Values represent the mean ± SEM (n=5, 

significance is indicated by * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001 compared to 

control. 

 

Figure 3.3 shows TNF-α production, in J774A.1 cells, in response to SLS samples, where 

the concentration of particles is expressed in terms of an equivalent concentration of 

lithium and fluoride. It was observed that SLS particles resulted in a much higher release 
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of TNF-α at equivalent amount of fluoride in the form of NaF (Figure 3.3A). In the case 

of Na-F-Hectorite sample the TNF-α secretion was at least ca. 40 times higher compared 

with the corresponding concentrations of fluoride in the form of NaF. Similarly, SLS 

samples (with the exception of No F/V low Li) were found to induce much greater TNF-

α secretion than the equivalent concentration of lithium in the form of ionic control LiCl 

(Figure 3.3B). These findings indicate that observed TNF-α secretion, in J774A.1, was 

attributed to the presence of solid particles rather than possibly released fluoride and 

lithium ions.  

 

Figure 3.3 TNF-α release from J774A.1 cells at equivalent fluoride and lithium concentrations. 

J774A.1 cells were exposed for 24 hr to (A) SLS samples with different fluoride content and NaF, (B) SLS 

samples with different lithium content and LiCl, and the level of TNF-α, in the cell supernatant, was 

measured using an ELISA. Particles and salt controls concentrations are expressed as µg/ml of equivalent 

fluoride (F) and lithium (Li), assuming 100 % release. Values represent the mean ± SEM (n=5, significance 

is indicated by * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001 compared to control.  
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3.3.2 Assessment of IL-8 and TNF-α release by PBMC upon particle exposure  

Human PBMC were assessed for release of IL-8 and TNF-α using a Luminex® system. 

The secretion of TNF-α by PBMCs was unaffected upon exposure to samples No F/Med 

Li, No F/Low Li, No F/V low Li, High F/Med Li and Low F/Med Li, regardless of the 

concentration tested (Figure 3.3A and B). In contrast, TNF-α was significantly increased 

following treatment with sample High F/Med Li washed, Med F/High Li and sHca-1, 

from concentration of 31.3 µg/ml (p < 0.05), with a clear concentration dependent effect 

(Figure 3.4A and C). Samples Na-F-Hectorite and MMT were again the most reactive 

among all particles studied, causing significant release of TNF-α at the lowest exposure 

concentration of 15.6 µg/ml (p < 0.0001 and p < 0.05, respectively) (Figure 3.3A and C). 

In the case of IL-8, this cytokine was slightly, but significantly elevated, only in response 

to the Na-F-Hectorite sample, at concentrations of 15.6 and 31.3 µg/ml (p < 0.05), and 

both natural clay samples (MMT and sHca-1) only at a concentration of 31.3 µg/ml (p < 

0.05 and p < 0.01, respectively) (Figure 3.5A and C). In addition, for concentrations above 

15.6 and 31.3 µg/ml, for Na-F-Hectorite, MMT and sHca-1, the level of IL-8 decreased, 

most likely due to cell death.  

DQ12 provoked a significant increase in IL-8 production at all exposure concentrations 

(p < 0.05) (Figure 3.5D), whereas a significant increase in TNF-α secretion was observed 

at exposure concentrations of 31.3 and 125 µg/ml (p < 0.01 and p < 0.0001, respectively) 

(Figure 3.3D). Moreover, concentration dependency was exhibited in response to DQ12 

for both measured mediators. PBMC cells also produced significantly increased levels of 

IL-8 and TNF-α, when treated with 100 ng/ml LPS as a positive control (p < 0.0001) 

(Figure 3.3D and Figure 3.5D).  
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Figure 3.4 TNF-α release from PBMC cells. 

PBMC cells were exposed for 24 hr to (A) SLS samples with fluoride (B) SLS samples without fluoride (C) 

NLS samples and (D) positive controls, at different concentrations, and the level of TNF-α, in the cell 

supernatant, was measured using Luminex assay. Values represent the mean ± SEM (n=5, significance is 

indicated by * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001 compared to control). 

 

It is also important to note that the results obtained in PBMC were relatively variable, and 

although in some cases the level of TNF-α and IL-8 was elevated, statistical significance 

was not achieved. Moreover, the differences in secretion of TNF-α, upon exposure to 

layered silicates, were in the range of a few pg (and most probably not biologically 

relevant) for most particles, therefore ranking of particles was difficult to obtain. 

However, it was still clear that Na-F-Hectorite, MMT and sHca-1, were able to stimulate 

greater secretion of TNF-α and IL-8, in PBMC, compared to other layered silicate 

samples.  



 

96 

 

 

Figure 3.5 IL-8 release from PBMC cells 

PBMC cells were exposed for 24 hr to A) SLS samples with fluoride (B) SLS samples without fluoride (C) 

NLS samples and (D) positive controls, at different concentrations, and the level of IL-8, in the cell 

supernatant, was measured using Luminex assay. Values represent the mean ± SEM (n=5, significance is 

indicated by * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001 compared to control). 

 

3.3.3 Gene expression  

The induction of pro-inflammatory gene expression, TNF-α, MCP-1 and MIP-2, in the 

J774A.1 cell line following exposure to sublethal concentrations of layered silicate and 

DQ12 samples was investigated using qRT-PCR. High F/Med Li, High F/Med Li washed, 

No F/ Med Li, No F/Low Li, No F/V low Li and DQ12 were tested at concentrations of 

31.3, 62.5 and 125 µg/ml, whereas Med F/High Li, Low F/Med Li, Na-F-Hectorite, MMT 

and sHca-1 were administrated at lower concentrations of 7.8, 15.6 and 31.3 µg/ml. LPS 

(10 ng/ml) was employed as a positive control. In addition, LiCl and NaF, two ion 

controls, were also tested for each time point and gene investigated. Data are presented 

as fold changes over the untreated J774A.1 cells (which equals 1).  
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3.3.3.1 Assessment of MCP-1, MIP-2 and TNF-α gene expression, in J774A.1 cells, 

upon exposure to lower toxicity SLS samples 

Figure 3.6 shows the expression levels for MCP-1, MIP-2 and TNF-α, upon exposure to 

High F/Med Li, High F/Med Li washed, No F/ Med Li, No F/Low Li, No F/V low Li 

which were below or close to control J774A.1 cell expression levels.  These data represent 

only two repetitions of the experiment, following 4 hr treatment, as seen in Figure 3.6. It 

was therefore assumed that these samples had a low potency to induce marked levels of 

MCP-1, MIP-2 and TNF-α, and so no further repeats were performed and higher toxicity 

samples (Med F/High Li, Low F/Med Li, Na-F-Hectorite, MMT and sHca-1) were 

prioritised for further gene expression studies.  
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Figure 3.6 MCP-1, MIP-2 and TNF-α gene expression in J774A.1 cells exposed to lower toxicity 

layered silicates. 

J774A.1 cells were treated with different types of layered silicate samples, at different concentrations, for 

4 hr and assessed for (A) MCP-1, (B) MIP-2 and (C) TNF-α mRNA using qRT-PCR method . Data are 

expressed as fold-change in relation to the GAPDH housekeeping gene and normalised to the control cells, 

for each of two technical replicates.  
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3.3.3.2 Assessment of MCP-1 gene expression, in J774A.1 cells, upon exposure to 

higher toxicity SLS samples 

MCP-1 gene expression was enhanced on exposure to a number of particles, in a time- 

and particle-dependent manner (Figure 3.7A, B.). Low F/Med Li sample was found to 

induce the lowest response, across higher toxicity samples, significantly inducing MCP-

1 transcript only after 24 hr of treatment, at all three concentrations tested (7.2 – 16.2-

fold increase) (p < 0.05 - 0.001). The induction of MCP-1 mRNA upon exposure to Med 

F/High Li was of a similar level seen for its low fluoride counterpart, sample Low F/Med 

Li. However, in addition to significantly inducing MCP-1 gene expression following 24 

hr (p < 0.05 - 0.001), Med F/High Li particles provoked a significant amount of MCP-1 

mRNA also at the 6 hr exposure time point, but only at the highest concentration tested 

of 31.3 µg/ml (2.1-fold increase) (p < 0.05). SHca-1 sample was found to induce a small 

(1.6- to 1.9-fold), yet significant elevation of MCP-1 gene expression at the 4 hr exposure 

time point and a larger (15.9-fold increase) and significant increase at 24 hr, at 31.3 µg/ml 

(all p < 0.05). MMT-exposed J774A.1 cells exhibited significant increase MCP-1 

transcript, following 6 hr exposure at the two highest concentrations used (2.9- and 3.8-

fold increase, respectively) (p < 0.05 - 0.01), and after 24 hr at all concentrations tested 

(14.4 – 23.4-fold increase) (p < 0.05 - 0.01). Short- (4 hr) and longer-term (24 hr) 

exposure to DQ12 caused significant increase in MCP-1 mRNA at most concentrations 

(p < 0.05 - 0.0001), whereas no difference in MCP-1 expression was observed following 

6 hr treatment, when compared to untreated J774A.1 cells. Na-F-Hectorite sample was 

shown to induce the greatest levels of MCP-1 gene expression, consistently resulting in 

significant amounts of MCP-1 mRNA, at all three time points and for most concentrations 

investigated (5.5 – 14.7-fold increase) (p < 0.05 - 0.0001).  

Interestingly, J774A.1 cells exposed to NaF displayed biphasic behaviour. At 4 hr a 

significant decreased in MCP-1 mRNA expression was observed (p < 0.05). This pattern 

was maintained after 6 hr of treatment, however over the 24 hr exposure period MCP-1 

mRNA was significantly elevated, causing a 4.0- to 40.1-fold increase (p < 0.05). In 

contrast, LiCl did not affected MCP-1 expression at any time point or concentration tested 

(Figure 3.7B).  
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Figure 3.7 MCP-1 gene expression in J774A.1 cells. 

J774A.1 cells were exposed to (A) higher toxicity layered silicate samples and (B) positive and salt controls, 

for 4, 6 and 24 hr, and assessed for MCP-1 mRNA using qRT-PCR method. Data are expressed as mean 

fold-change in relation to the GAPDH housekeeping gene and normalized to the control cells. Values 

represent the mean ± SEM (n=3), significance is indicated by * = p < 0.05, ** = p < 0.01, *** = p < 0.001, 

**** = p < 0.0001 compared to control. 
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A comparative analysis of MCP-1 gene expression data, over the three particle 

concentrations and time points investigated, revealed that Na-F-Hectorite sample 

persistently induced significantly more MCP-1 transcript than the remaining layered 

silicate samples, and also more than the reference material DQ12 (p < 0.05 - 0.0001) 

(Figure 3.8). However, this effect was only maintained at 4 and 6 hr exposure timepoints. 

Similarly, sample MMT was found to induce significantly more MCP-1 mRNA than a 

number of studied particles. At 6 hr MMT was able to provoke more MCP-1 gene 

expression than sample sHca-1 (at 15.6 and 31.3 µg/ml, p < 0.05), Low F/Med Li (at 15.6 

and 31.3 µg/ml, p < 0.0001), Med /High Li (at 15.6 µg/ml, p < 0.01) and DQ12 (at 31.3 

µg/ml, p < 0.05). Also, at 24 hr exposure MMT caused more MCP-1 mRNA transcription 

than samples Med F/High Li, sHca1 (both at 7.8 µg/ml, p < 0.05) and DQ12 (at 31.3 

µg/ml, p < 0.05) (Figure 3.8). 
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Figure 3.8 MCP-1 gene expression in J774A.1 cells, interparticle comparison. 

J774A.1 cells were exposed to particles at concentration (A) 7.8, (B) 15.6 and (C) 31.3 µg/ml, for 4, 6 and 

24 hr, and assessed for MCP-1 mRNA using qRT-PCR method. Data are expressed as mean fold-change 

in relation to the GAPDH housekeeping gene and normalised to the control cells. Values represent the 

mean ± SEM (n=3), significance is indicated by * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 

0.0001.  
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3.3.3.3 Assessment of MIP-2 gene expression, in J774A.1 cells, upon exposure to 

higher toxicity SLS samples 

All particles tested were shown to stimulate a significant increase in MIP-2 gene 

expression in a concentration-, particle and time-dependent manner (Figure 3.9A and B). 

However, the magnitude of MIP-2 mRNA increase varied hugely depending on particle 

type and the time point investigated. The highest rise of MIP-2 transcript was observed 

for Na-F-Hectorite, at 4 and 6 hr treatment, at all concentrations tested (p < 0.0001), and 

ranging from 34.6- to 133.7-fold change, when compare to untreated control. Similarly, 

the MMT sample caused a significant amount of MIP-2 mRNA, at 4 and 6 hr, at most 

concentrations tested (p < 0.01 - 0.001), however to a lesser extent than Na-F-Hectorite 

particles, with 2.9- to 23.5-fold change, compared to control J774A.1 cells. The highest 

rise in MIP-2 gene expression for Med F/High Li sample was observed at 6 hr, with a 

2.1- to 14.3-fold change (p < 0.05 - 0.001), however this sample induced also a significant 

amount of MIP-2 at 4 hr (at 31.3 µg/ml, p < 0.01) and 24 hr of exposure (at 15.6 µg/ml, 

p < 0.05). Sample sHca-1 provoked a relatively small MIP-2 mRNA up regulation which 

was significant at 31.3 µg/ml following 4 (4.0-fold increase) and 6 hr (6.0-fold increase) 

exposure (p < 0.05), and at the two top concentrations after 24 hr post-treatment (7.3 and 

8.0-fold increase, respectively) (p < 0.05). The lowest stimulation of MIP-2 gene 

expression was observed for Low F/Med Li particles, at shorter exposure times, however 

24 hr treatment resulted in elevation of MIP-2 mRNA in response to Low F/Med Li and 

at 31.3 µg/ml the rise was significant (p < 0.05). A relatively high (7.54- to 100-fold) 

elevation of MIP-2 transcript was noted at 4 hr and 6 hr (p<0.0001), in DQ12-exposed 

cells, which was decreased after 24 hr to 4.8 – 37.5-fold increase, however being still 

significant at all three tested concentrations (p < 0.05 - 0.0001). 

J774A.1 cells exposed to NaF exhibited a 36.4 – 60.6-fold increase in the level of MIP-2 

transcript, at 4 and 6 hr time points for concentrations of 62.5 and 125 µg/ml (p < 0.05-

0.0001). Following 24 hr exposure, these effects were reduced, indicating a transient 

response. Once again, LiCl did not affect MIP-2 gene expression, at any time points and 

investigated concentrations, except for 4 hr post-exposure at 125 µg/ml, where the MIP-

2 upregulation was relatively small (5.0-fold increase) yet significant (p < 0.05).   

There was a clear distinction between Na-F-Hectorite particles, which induced far greater 

levels of MIP-2 transcript at 4 and 6 hr exposure than the remaining samples (Figure 

3.10). At this time points Na-F-Hectorite, at all concentrations tested, was found to induce 
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significantly more MIP-2 mRNA, when compared with the other particles examined, 

including DQ12 (p < 0.05 - 0.0001). Furthermore, at 6 hr, MMT provoked significantly 

more MIP-2 mRNA than sample sHca-1 (at 15.6 and 31.3 µg/ml, p < 0.05 - 0.01), and at 

4 and 6 hr, more than Low F/Med Li (at 15.6 and 31.3 µg/ml, p < 0.0001). In addition, 

Med F/High Li particles induced significantly more MIP-2 mRNA, at 6 and 4 hr, at two 

highest concentrations, than its lower fluoride counterpart, sample Low F/Med Li (p < 

0.05 -0.0001), however this effect was reversed at 24 hr, when Low F/Med Li generated 

significantly more MIP-2 mRNA that Med F/High Li (p < 0.05).  
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Figure 3.9 MIP-2 gene expression in J774A.1 cells. 

J774A.1 cells were exposed to (A) higher toxicity layered silicate samples and (B) positive and salt controls, 

for 4, 6 and 24 hr, and assessed for MIP-2 mRNA using qRT-PCR method. Data are expressed as mean 

fold-change in relation to the GAPDH housekeeping gene and normalized to the control cells. Values 

represent the mean ± SEM (n=3), significance is indicated by * = p < 0.05, ** = p < 0.01, *** = p < 0.001, 

**** = p < 0.0001 compared to control. 
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Figure 3.10 MIP-2 gene expression in J774A.1 cells, interparticle comparison. 

J774A.1 cells were exposed to particles at concentration (A) 7.8, (B) 15.6 and (C) 31.3 µg/ml, for 4, 6 and 

24 hr, and assessed for MIP-2 mRNA using qRT-PCR method. Data are expressed as mean fold-change in 

relation to the GAPDH housekeeping gene and normalised to the control cells. Values represent the mean 

± SEM (n=3), significance is indicated by * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 

0.0001.  
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3.3.3.4 Assessment of TNF-α gene expression, in J774A.1 cells, upon exposure to 

higher toxicity SLS samples 

TNF-α gene expression was shown to be enhanced in response to a number of particles, 

but in general only at the highest concentration tested, as shown in Figure 3.11. At 4 hr, 

the level of TNF-α transcript was significantly increased following exposure to Med 

F/High Li, MMT and sHca-1 particles, at 31.3 µg/ml (p < 0.05 - 0.01), and to sample Na-

F-Hectorite for all three concentrations tested (p < 0.01 - 0.0001). Following a 6 hr 

treatment, the amount of TNF-α transcript was similar across all particles tested, close to 

baseline, and only Na-F-Hectorite caused a small yet significant increase in TNF-α 

mRNA, at 15.6 and 31.3 µg/ml (both p < 0.05), ranging from 2.2- to 2.6-fold increase 

compared to control J774A.1 cells. Exposure for 24 hr resulted in elevated levels of TNF-

α, in response to layered silicates, with a range of 2.5- to 7.9-fold change, but due to 

higher variability this could be not statistically confirmed for most of the studied particles 

at the concentrations tested. DQ12-exposed cells exhibited a significant 1.5- to 2.0-fold 

increase in TNF-α expression at 4 hr exposure, at all three concentrations tested (p < 0.05 

- 0.0001) and significant 2.2-fold increase at 125 µg/ml following 24 hr exposure 

timepoint (p < 0.05).  

Salt controls, NaF and LiCl, did not affect any changes in TNF-α expression, at any 

concentration or time point studied, with the exception of NaF at 4 hr, at 125 µg/ml for 

which down regulation of TNF-α transcript was noted (p < 0.05) (Figure 3.11B). 

An inter-particle comparison once again showed that the Na-F-Hectorite sample was the 

most potent in inducing TNF-α gene expression (Figure 3.12). This effect was most 

evident following a 4 hr treatment. At this time point Na-F-Hectorite resulted in 

significantly more TNF-α mRNA than other tested particles, at all concentrations 

investigated (p < 0.001 - 0.0001). Also, at 6 hr (at 15.6 and 31.3 µg/ml) and 4 hr (at 31.3 

µg/ml) MMT stimulated significantly more TNF-α gene expression than Low F/Med Li 

(p < 0.05).  
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Figure 3.11 TNF-α gene expression in J774A.1 cells. 

J774A.1 cells were exposed to (A) higher toxicity layered silicate samples and (B) positive and salt controls, 

for 4, 6 and 24 hr, and assessed for MIP-2 mRNA using qRT-PCR method. Data are expressed as mean 

fold-change in relation to the GAPDH housekeeping gene and normalized to the control cells. Values 

represent the mean ± SEM (n=3), significance is indicated by * = p < 0.05, ** = p < 0.01, *** = p < 0.001, 

**** = p < 0.0001 compared to control. 
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Figure 3.12 TNF-α gene expression in J774A.1 cells, interparticle comparison. 

J774A.1 cells were exposed to particles at concentration (A) 7.8, (B) 15.6 and (C) 31.3 µg/ml, for 4, 6 and 

24 hr, and assessed for TNF-α mRNA using qRT-PCR method. Data are expressed as mean fold-change in 

relation to the GAPDH housekeeping gene and normalised to the control cells. Values represent the mean 

± SEM (n=3), significance is indicated by * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 

0.0001.  
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3.4 Discussion  

 

3.4.1 Overview of results  

The focus of this chapter was to investigate the immune modulatory properties of layered 

silicate NMs. Thus, J774A.1 cells were exposed to sub-lethal concentrations of particles 

at three different time points (to assess kinetics of response) and expressions of TNF-α, 

MCP-1 and MIP-2 genes were assessed, using qRT-PCR method. Moreover, secretion of 

TNF-α in the supernatant of exposed J774A.1 cells, and IL-8 and TNF-α in PBMC was 

investigated. These milieu of cytokines were employed in the study because of their 

crucial role in developing and modulating inflammatory responses in macrophages, as 

described in section 1.5.3. 

In J774A.1 cells all tested particles, except No F/V low Li sample, induced TNF-α 

secretion, however to different levels. The most pronounced effect was seen for Na-F-

Hectorite, MMT, sHca-1, Med F/High Li and Low F/ Med Li. Other particles induced 

relatively lower TNF-α release and largely at higher particle concentrations. The results 

obtained in the gene expression study, in J774A.1 cells, provided further evidence of 

relatively higher pro-inflammatory potency of samples Na-F-Hectorite, MMT, sHca-1, 

Med F/High Li and Low F/ Med Li, inducing marked levels of MIP-2, TNF-α and MCP-

1 mRNAs. By contrast, the remaining particles (High F/Med Li, High F/Med Li washed, 

No F/Med Li, No F/ Low Li and No F/V low Li) did not affect the expression of MIP-2, 

TNF-α and MCP-1 genes. 

PBMC cells were less reactive towards tested particles and the results were characterised 

by higher variability. The highest response, similarly, to J774A.1 cells, in terms of TNF-

α secretion was observed for Na-F-Hectorite, MMT, sHca-1 and Med F/high Li particles. 

IL-8 was slightly, but significantly elevated, only in response to the Na-F-Hectorite, 

MMT and sHca-1 sample.  

Overall, Na-F-Hectorite and MMT, were the most reactive among all particles studied, 

consistently and significantly inducing higher pro-inflammatory cytokine release (in both, 

J774A.1 and PBMC) and greater induction of pro-inflammatory genes expression in 

J774A.1 cell line, even when compared to positive control DQ12. Also, the samples of 

sHca-1, Med F/High Li and Low F/Med Li stand out when observing release of TNF-α, 
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exceeding the effect of DQ12 and induction of pro-inflammatory gene expression in 

J774A.1 cells.  

The obtained results showed that both the fluoride and lithium content were unlikely to 

be factors influencing the inflammatory potential of the examined layered silicate 

samples. By contrast, it seemed that the observed inflammatory effect was related to size 

of particles, with bigger particles or agglomerates being more inflammogenic than smaller 

particles. In addition, Med F/High Li and Low F/Med Li suffered from endotoxin 

contamination (as described in section 2.3.2.2), making it difficult to determine the impact 

of physicochemical characteristics on inflammatory potency of these samples. 

 

3.4.2 Pro-inflammatory responses to layered silicate NMs in vitro  

Despite the increasing number of studies available on layered silicates, the current 

literature on inflammatory potency, both in vivo and in vitro, of these particles is very 

limited, especially in relation to SLS particles. Therefore, more studies are needed to 

address this gap. 

The results obtained within this study indicate that most of the tested layered silicates are 

potent TNF-α inducers in macrophage models. J774A.1 cells exposed to tested particles 

(with the exception of No F/V low Li) produced significant levels of TNF-α secretion, 

however the intensity of TNF-α production varied depending on the type of layered 

silicate. In addition, in the presented study, DQ12 stimulated both types of macrophages 

to secrete significant amount of TNF-α, which corresponds well with much of the existing 

in vitro literature (Driscoll et al., 1996; Nattrass et al., 2015; Boyles et al., 2018; Albrecht 

et al., 2007).  

Importantly, the increased level of TNF-α production upon exposure to Na-F-Hectorite, 

MMT, sHca-1, Low F/Med Li and Med F/High Li samples was much greater not only 

compared to the remaining layered silicate samples but also to the positive control, DQ12, 

in J774A.1 cells. For example, Na-F-Hectorite and MMT were ca. 10 and 20 times more 

bioactive than DQ12, respectively. Similarly, in PBMC the effect of Na-F-Hectorite, Med 

F/High Li and natural clays (MMT and sHca-1) exceeded the effect seen for DQ12, 

indicating again high pro-inflammatory potency of these samples. These results agree 

with those obtained by Stueckle  and colleagues, in which pristine MMT (Cloisite® Na+), 

was able to induce elevated levels of TNF-α comparable to crystalline silica-exposed mice 
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via aspiration (Stueckle et al., 2018). In another study, the acute inflammatory effects 

induced by single intratracheal instillation of bentonite, on rat lungs, exceeded those of 

DQ12, however this effect was transient (Wiemann et al., 2020). In addition, in the same 

study, bentonite caused greater secretion of TNF-α compare to DQ12, in NR8383 alveolar 

macrophages in vitro (Wiemann et al., 2020). Interestingly, synthetic hectorite NMs 

(Laponite® RD (similar to No F/Med Li sample used in this study), Laponite® WXFP 

and Laponite® FN (similar to Med F/High Li sample used in this study)) have been shown 

to stimulate antigen presenting cell maturation, in the RAW 264.7 macrophage line (Chen 

et al., 2017). This response involved abundant secretions of TNF-α, IFN-γ and IL-6, at 

relatively low particle concentrations of 10 µg/ml, and so the particles were proposed as 

potential nano-adjuvants for enhancing immune responses (Chen et al., 2017). TNF-α is 

a pro-inflammatory cytokine which plays an important role in the induction and 

amplification of immune responses within the lung, by promoting recruitment of different 

populations of leukocytes (Driscoll, 2000) and has been shown as a crucial mediator of 

fibrosis in response to quartz (Piguet et al., 1990). Thus, the induction of high levels of 

TNF-α in vitro, may suggest that layered silicates samples can be considered to have high 

immunomodulatory ability with potential to cause adverse health effects in vivo. Further 

studies would be required to verify this hypothesis. 

The gene expression study has shown that again Na-F-Hectorite and MMT samples were 

more prone to elevate the TNF-α transcript, which is in line with the data obtained for 

TNF-α protein secretion, in both J774A.1 and PBMC cells. However, overall TNF-α 

mRNA levels were induced to lower levels than expected based on highly increased 

secreted TNF-α protein concentrations. The panel of tested samples, with the exception 

of Na-F-Hectorite and MMT, was found to trigger similar and relatively low induction of 

TNF-α transcript, close to the baseline, whereas LPS induced significant 14.8- to 30.2-

fold increase in TNF-α mRNA, at 4 and 6 hr, respectively. The low levels of TNF-α gene 

expression, despite strong induction of TNF-α protein secretion in J774A.1, at 24 hr, in 

particular upon exposure to MMT and sHca1, was highly surprising. These results may 

indicate that the TNF-α transcription, in response to layered silicates, was underestimated 

and probably not captured at the time points investigated in this study. The time 

dependence on transcription of genes was discussed in a number of studies, pointing out 

a crucial role of  choosing the correct exposure periods (Taylor et al., 2019; Hui & Feng, 

2013). Although three different time points were chosen, these results may underline the 
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importance of more in-depth kinetic analysis, consisting of more than three time points, 

when performing QPCR experiments.  

Next, samples Na-F-Hectorite, MMT, sHca-1, Med F/High Li and Low F/Med Li at 

various concentrations and time points investigated, were shown to induce significant 

levels of MCP-1 and MIP-2 mRNAs, providing further evidence of high inflammogenic 

potency of these particles in the in vitro models. By contrast, High F/Med Li, High F/Med 

Li washed, No F/Med Li, No F/Low Li and No F/V low Li did not appear to increase the 

expression of MCP-1 and MIP-2 mRNAs (based on pilot study consisting of one or two 

repeats). MCP-1 and MIP-2 are potent cytokines involved in the recruitment of 

inflammatory cells to localised sites of inflammation and play a crucial role in lung injury 

(Hartl et al., 2005; Sahin & Wasmuth, 2013; Deshmane et al., 2009; Wynn, 2004; Konrad 

& Reutershan, 2012; Driscoll, 2000). Therefore, measurement of induction of MIP-2 and 

MCP-1 genes, in J774A.1 cells, were used as indicators of chemotactic potential of 

layered silicate samples. DQ12-exposed J774A.1 cells, in this thesis, exhibited a marked 

increase in MCP-1 and MIP-2 gene expression, which is in line with other studies, where 

quartz has been shown to induce strong chemotactic properties towards neutrophils. 

DQ12 lung instillation in rats has been shown to trigger polymorphonuclear (PMN) cells 

influx, accompanied with MIP-2 secretion (Duffin et al., 2002), which was also 

confirmed by Albrecht and colleagues in a 90 day intratracheally instillation study 

(Albrecht et al., 2004). In the work done by Driscoll et al. intratracheally instilled α-

quartz resulted in a marked increase in neutrophils and the expression of MIP-2 mRNA, 

which was also reflected in in vitro models of rat alveolar  type II epithelial cell line, 

RLE-6TN, and primary culture of rat alveolar type II cells (Driscoll et al., 1996).  This 

was further confirmed, in several in vitro studies where DQ12 was shown to exhibit strong 

chemotactic attraction of neutrophils using cell lines, NR8383 (rat alveolar macrophages) 

and differentiated HeLa (dHL)-60 cells (Westphal et al., 2015), and causing upregulation 

of chemotactic cytokine mRNA, including MIP-1α (Schremmer et al., 2016). Notably, 

Na-F-Hectorite and MMT sample have shown to provoke chemokine expression at far 

greater magnitudes than other layered silicates and importantly DQ12, indicating further 

that the in vitro effect of these samples can exceed DQ12 and that they have the potential 

to cause adverse health effects and therefore warrant further investigation. In contrast, at 

the short exposure period of 4 hr, DQ12 induced significantly more MIP-2 gene 

expression than sHca-1 and Low F/Med Li, and significantly more MCP-1 mRNA than 
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both synthetic silicates samples (Med F/High Li and Low F/Med Li). However, following 

a 6 hr and 24 hr exposure no significant differences were observed in mRNA expression 

of both MCP-1 and MIP-2, between DQ12 and Med F/High Li, Low F/Med Li and sHca1 

sample. Thus, the obtained results suggested that Med F/High Li, sHca-1 and Low F/Med 

Li samples potentially exhibited pro-inflammatory properties similar to DQ12, in the 

macrophage in vitro model. Indeed, it has been demonstrated that the pro-inflammatory 

signalling pathway of pristine MMT (Cloisite®Na+) was comparable to crystalline silica, 

in mice exposed via aspiration, characterized by neutrophils, macrophages and 

lymphocytes influx, followed by increases in inflammatory- (including MIP-1α, MIP-2 

and TNF-α) and fibrosis-associated cytokines (Stueckle et al., 2018). In case of MMT 

and sHca-1 samples this could be partially linked to the presence of crystalline silica in 

their chemical makeup. However, other investigated samples are lacking crystalline silica 

in their composition, suggesting that chemotactic properties are intrinsic features of 

examined layered silicates particles in J774A.1 cells. Importantly, Low F/Med Li and 

Med F/High Li samples, as discussed previously in section 2.3.2.2, were contaminated 

with bacterial endotoxin. In this case, it is most likely that the presence of endotoxin in 

Low F/Med Li and Med F/High Li may actually account for most of the observed 

inflammatory effects and not the material itself. To elucidate the intrinsic effects of Low 

F/Med Li and Med F/High Li samples on the biological response, the material processing 

needs to be performed in a manner where endotoxin contamination are excluded.  

The lack or low levels of IL-8 secretion in PBMC cells, in response to layered silicates, 

was surprising as IL-8 is known for its chemotactic properties towards neutrophils (Duque 

& Descoteaux, 2014). Only a few samples, namely sHca-1, MMT and Na-F-Hectorite 

induced significant IL-8 secretion. In addition, DQ12 in most cases (except for Na-F-

Hectorite, MMT and sHca-1) induced a greater amount of IL-8 compared to other samples 

examined. As mentioned before, this could be explained by lower sensitivity of PBMC 

towards layered silicates and also by the artefact of in vitro exposure to the high surface 

area of tested particles, with high binding capacity for biomolecules, which can adsorb 

proteins thus inhibiting the cytokine quantification ( Brown et al., 2010). 

For future experiments, IL-1β secretion by layered silicate- exposed macrophages, should 

have been also favoured. The pro-inflammatory IL-1β has been shown as a primary 

initiating signal in recruitment of immune cells to the damaged area caused by inhaled 

particles, therefore playing a key role in inflammation and tissue damage (Rabolli et. al., 
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2016). The secretion of IL-1β is tightly regulated at the transcriptional and post- 

translational level and requires a two-step signalling process: an initial signal is required 

in order to initiate IL-1β gene expression, to form pro-IL-1β, followed by inflammasome 

activation (Sun et al., 2013). The nucleotide-binding oligomerization domain (NOD)-, 

leucine-rich repeat (LRR)- and pyrin domain-containing protein 3 (NLRP3), the most 

studied inflammasome, is an intracellular multi-protein complex consisting of Nod-like 

receptor protein Nalp3 which upon activation recruits the apoptosis-associated speck-like 

protein (ASC) which binds to caspase-1 leading to its activation (Sun et al., 2013). The 

activated caspase-1 catalyses the cleavage of inactive cytoplasmic precursor pro-IL-1β 

and pro-IL-18 to its bioactive forms (Sun et al., 2013). In vivo studies demonstrated that 

the activation of NLRP3 inflammasome following secretion of a mature pro-

inflammatory IL-1β is associated with asbestosis and silicosis (Cassel et al., 2008). It has 

been proposed that the activation of inflammasome by crystalline silica occurs due to 

lysosomal rupture (Hornung et al., 2010) or due to generation of ROS upon phagocytosis 

of these particles (Dostert et al., 2008). Therefore, for future in vitro studies would be 

beneficial to investigate the release of IL-1β, as an indirect marker of inflammasome 

activation, in response to layered silicate NMs. In addition, several studies shown that IL-

1β secretion by THP-1 cells can be used as indicator of inflammasome activation and 

fibrogenic properties of several NMs  (J. Vandebriel et al., 2016), which can be also 

considered for future experiments.  

Next, by comparing two types of in vitro models used in this study it was apparent that 

layered silicates-exposed PBMC cells were less responsive to tested particles in terms of 

TNF-α secretion. This may indicate the differences in cells which were derived from 

different species (human vs mouse), primary cells and cell line sensitivity and/or different 

mechanisms of particle-cell interaction. These results are consistent with a study showing 

different behaviour of graphene oxide NMs in murine (intraperitoneal macrophages) and 

human primary macrophages (human monocyte derived macrophages) (Russier et al., 

2013). Graphene oxide NMs were more prone to activate cells and cytokine release in 

murine compared to human macrophage model, due to higher affinity of graphene oxide 

towards the murine macrophage cell surface (Russier et al., 2013). Although, no available 

literature is present, it is possible that while J774A.1 and PBMC have common 

macrophage properties, they can differ in a variety of parameters such as cell membrane 

composition, resulting in cell-particle distinct interactions and therefore differences 

inflammatory responses. Moreover, the results obtained from human PBMC were 
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characterised with higher levels of variability, most probably related to donor-specific 

variation. Importantly, despite lower sensitivity and higher variation in PBMC cells, the 

general trend remained similar to those seen in J774A.1 cells.  

Overall, the obtained data clearly indicate that Na-F-Hectorite was the most potent sample 

in inducing increased levels of MIP-2, MCP-1 and TNF-α mRNAs, and TNF-α and IL-8 

protein secretion in macrophages. It was also observed to consistently induce significantly 

more pro-inflammatory cytokines than not only other layered silicate sample tested, but 

also in comparison with the positive control material DQ12. This was most evident when 

looking at expression levels of MIP-2 at 4 and 6 hr post exposure, where Na-F-Hectorite 

exhibited a drastic increase in MIP-2 cytokine expression, approximately 10 times more 

than any other investigated sample. Furthermore, also the MMT sample elicited more 

frequent up regulation of MCP-1, MIP-2 and TNF-α, and on a number of occasions 

induced significantly more cytokine mRNA, than other layered silicate particles, with the 

exception of the Na-F-Hectorite sample. Moreover, in the case of MCP-1 gene 

expression, MMT induced a greater amount than DQ12. Similarly, MMT produced 

relatively more TNF-α secretion in J774A.1 and PBMC cells, than remaining layered 

silicates and DQ12.  

It is worth to mention however that the greatest inflammatory potency, in gene expression 

study of MMT and Na-F-Hectorite was only evident upon shorter term exposure (4 and 

6 hr), yet 24 hr post treatment did not exhibit this pattern. This clearly indicates that these 

samples elicited pro-inflammatory signal responses much earlier and may suggest that 

the rate of delivery of these samples to cell monolayer was greater compared to other 

investigated samples. Therefore, the earlier responses could be a result of significantly 

higher delivered cellular dose, which is in line with observed precipitation for these 

samples when dispersed in RPMI medium (described in section 2.3.1.3). This hypothesis 

is supported by a number of studies. Cho et al. showed that cellular uptake of gold NPs, 

of different size, shape and density, was depended on the rate of sedimentation, and cells 

in the upright configuration (classic submerged cell culture) experienced a higher 

concentration of bigger NPs than the initial value, due to sedimentation (Cho et al., 2011). 

In another study, it was shown that larger agglomerates (689 and 1463 nm) of iron oxide 

NPs accumulated more rapidly (approximately 50% faster) and in a higher concentration,  

in lung epithelial cells, compared to the smaller (276 and 360 nm), but identical in other 

characteristics, counterparts (Sharma et al., 2014). Indeed, clear discernible characteristic 
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of MMT and particularly Na-F-Hectorite sample is that they possess greater lateral 

dimension and smaller surface area per mass compared to other layered silicate samples, 

which may indicate that sedimentation velocities, played crucial role in greater 

inflammatory potency of these samples. This, however is in contrast with a study done 

by Tee et al. where in vitro exposure of THP-1 and RAW 264.7 cells to fluoromicas (type 

of synthetic layered silicate) of different lateral dimensions (1000 and 90 nm), showed 

extensive uptake of the smaller particles, whereas the larger fluoromica was found mostly 

associated with the cell membrane with little evidence of internalisation, yet eliciting 

higher toxicity (Tee et al., 2015). Thus, the quantification of the rate and cell delivered 

dose upon exposure to different types of layered silicates would be essential for correct 

interpretation of results and when comparative assessment, involving samples of different 

sizes/surface area/density/chemistry, wants to be achieved. For future studies it would be 

interesting to address the relationship between size and inflammatory potency, by 

comparing layered silicates of different lateral dimensions but derived from the same 

material. Moreover, some studies highlighted the importance of interaction between 

sheet-type NMs and cell membranes. Ma et al. showed that the lateral dimension of 

another 2D type NM, graphene, was a determining factor in modulation of inflammatory 

potency in in vitro (J774A.1) and in vivo (in mice after intraperitoneal injection) studies 

(Ma et al., 2015). Authors demonstrated that larger graphene oxide sheets were more 

prone to interact with cell membranes, compared to shorter graphene oxide sheets, 

resulting in increased interaction with TLRs (Ma et al., 2015). This in turn induced M1 

polarisation and triggered NF-κB activation, which in consequence led to enhanced levels 

of pro-inflammatory cytokines (Ma et al., 2015). These findings were also supported by 

Yue et al. who reported that inflammatory potency of graphene in macrophages 

(peritoneal macrophage PMØ and J774A.1) was strongly regulated by lateral dimensions, 

where the micro-size graphene oxide provoked much stronger pro-inflammatory cytokine 

production compared to its nano-size counterpart, without differences in cellular uptake 

(Yue et al., 2012). In this context, it is hard to justify observed differences, in this study, 

between sample MMT and sHca1. Both samples possess similar lateral dimension and 

surface area, yet elicited different pro-inflammatory response, suggesting that there may 

be other factors (chemical composition) playing a significant role in the inflammatory 

potency of these materials. It is, therefore, possible that greatest inflammatory potency 

for bigger layered silicates was a combined effect of enhanced sedimentation velocity, 

greater cellular uptake and/or a different mechanism of cell membrane-particle 
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interaction, due to different chemical composition. Additional studies are required to 

assess these hypotheses. 

Furthermore, evaluation of tested particles characteristics showed that lithium and 

fluoride content was not associated with enhanced pro-inflammatory responses in 

J774A.1 and PBMC cells.  

J774A.1 cells exposed to NaF showed significant increase in MCP-1 and MIP-2 at 31.3 

µg/ml and 62.5 µg/ml, which correspond to 14.14 µg/ml and 28.28 µg/ml of fluoride, 

respectively, at various time points. This is in line with the study carried out by Velvez et 

al., where fluoride exposure in RAW276.4, although at a higher concentration of 50 

µg/ml, also resulted in up-regulation of IL-6 and MIP-2 (Vélez et al., 2016). In 

comparison, MCP-1 mRNA was significantly induced by Na-F-Hectorite, Med F/High 

Li and Low F/Med Li, at much lower particle concentrations, which equated to fluoride 

concentration of 0.77, 0.67 and 0.36 µg/ml, respectively (assuming 100% release of 

fluoride from particles). In addition, MIP-2 transcript was significantly enhanced by Na-

F-Hectorite, Med F/High Li and Low F/Med Li samples, also at much lower fluoride 

concentrations of 0.38, 1.34 and 1.44 µg/ml, respectively, and to much greater levels 

when compared to the NaF ionic control. In addition, the lack of relationship between 

fluoride content and its impact on MIP-2, MCP-1 and TNF-α gene expression was evident 

when comparing SLS samples. At most concentrations and time points used no 

differences were observed between Med F/High Li (8.6 wt% of fluoride) and its lower 

fluoride counterpart, sample Low F/Med Li (4.6 wt% of fluoride). Only on a few 

occasions significant differences were observed, namely Med F/High Li sample caused 

more MIP-2 than Low F/Med Li, at 6 hours, yet longer exposure period of 24 hr reversed 

this pattern, and sample Low F/Med Li was able to induce more MIP-2 transcript than its 

counterpart sample – Med F/High Li. Moreover, Na-F-Hectorite sample with similar 

fluoride content (9.8 wt% of fluoride) and lower lithium content (0.46 wt% of lithium) 

compared to Med F/High Li, and lower in lithium compared to Low F/Med Li sample, 

displayed far greater pro-inflammatory responses. In addition, sample with the highest 

amount of fluoride (11.5 wt% of fluoride), High F/Med Li, appeared not to enhance 

J774A.1 cells transcription of TNF-α, MCP-1 and MIP-2 genes, further confirming these 

findings.  

Consistent with QPCR data, based on protein-based inflammatory results it is not possible 

to conclude that an increase in fluoride content in SLS samples contributes to higher 



 

119 

 

inflammatory responses. This is clear, in particular, when comparing samples with the 

same level of lithium (0.7 wt% of lithium), but different amounts of fluoride, such as 

sample High F/Med Li and Low F/Med Li. The sample with the lowest concentration of 

fluoride of 4.6 wt% (sample Low F/Med Li) induced around 17 times more TNF-α than 

the sample with the highest level of fluoride of 11.5 wt% (sample High F/Med Li). The 

NaF salt significantly increased the TNF-α secretion in J774A.1 cells at concentrations 

above 31.3 µg/ml, which corresponds to 14.14 µg/ml of fluoride. In comparison, the most 

potent samples in inducing TNF-α in the J774A.1 cell line, Na-F-Hectorite, Med F/High 

Li and Low F/Med Li, caused significant TNF-α production at concentrations of NMs, 

which equated to a fluoride concentration of 0.38, 0.67 and 0.72 µg/ml, respectively, 

supporting the conclusion that there is no dependence between fluoride and SLS toxicity. 

The lack of fluoride impact on the pro-inflammatory gene expression was also observed 

when comparing samples with the highest amount of fluoride (11.5 wt% of fluoride), 

sample High F/Med Li, to its lower fluoride counterpart sample Low F/Med Li (4.6 wt% 

of fluoride), where the latter caused greater induction of MCP-1, MIP-2 and TNF-α 

mRNA. 

Also, no evident relationship was observed between lithium content and pro-

inflammatory protein secretion. LiCl-exposed J774A.1 cells did not cause a significant 

increase of TNF-α secretion at any concentration tested, up to 125 µg/ml, corresponding 

to 20.46 µg/ml of lithium. By contrast, Na-F Hectorite, Med F/High Li and Low F/Med 

Li were capable of inducing TNF-α secretion in J774A.1 cells at relatively low particle 

concentrations, which corresponded to lithium concentration of 0.02, 0.13 and 0.11 

µg/ml, respectively. In addition, samples with the same amount of lithium (0.7 wt% of 

lithium) (Low F/Med Li, No F/Med Li, High F/Med Li and High F/Med Li washed), yet 

provoking markedly different levels of TNFα in J774A.1 cells further confirmed that 

lithium did not have impact on inflammatory potency of layered silicate samples. This 

was also reflected in results obtained for LiCl-exposed J774A.1 cells where no up-

regulation of MCP-1, MIP-2 and TNF-α genes was observed, at any time points and 

concentration tested, up to 125 µg/ml, with the exception of small up regulation of MIP-

2, at 4 hr (at 125 µg/ml of LiCl corresponding to 20.46 µg/ml of lithium).  Samples Na-F 

Hectorite, Med F/High Li and Low F/Med Li, enhanced pro-inflammatory gene 

expression at concentrations of lithium ranging from 0.04 – 0.53 µg/ml. No link was 

found between the lithium content and TNF-α and IL-8 secretion when PBMC were 

exposed to SLS particles.  
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Therefore, it can be concluded that inflammatory responses observed in both types of 

macrophages took place irrespective of fluoride and lithium content incorporated into 

SLS samples and may also indicate that the levels of fluoride and lithium was not 

sufficient to induce adverse effects. 

 

3.5 General conclusions  

Data obtained in this study showed that different types of layered silicates vary 

considerably in their impact on macrophage inflammatory responses, suggesting that their 

in vivo effects may also be variable. 

The effects of Na-F-Hectorite and MMT samples exceeded those of the remaining 

samples and even those of quartz, due to highly elevated concentrations of cytokines and 

elevated levels of genes associated with pro-inflammatory responses, suggesting an 

enhanced ability of these particles to promote inflammation. Against the initial 

hypothesis, we suggest that this can be associated with its greater size/lower surface area. 

It was hypothesised also that layered silicate NMs with higher lithium and/or fluoride 

content possess higher pro-inflammatory potency. However, the inflammatory responses 

that were observed in macrophages were not driven by fluoride and lithium present in 

SLS particles, therefore aforementioned hypothesis was rejected. The unexpected 

increase in inflammogenicity of Low F/Med Li and Med F/High Li can be explained by 

the endotoxin contamination, therefore the true effect of the material itself cannot be 

properly evaluated. 
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Chapter 4. Oxidative potential of layered silicate NMs 
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4.1 Aims and hypothesis  

The aim of this chapter was to study the ability of different types of layered silicates to 

generate oxidising species in vitro, in J774A.1 murine macrophages cell line, as well as 

in a cell-free system. This assessment was carried out using the 

2’,7’-dichlorodihydrofluorescein diacetate probe (DCFH-DA), a widely used method for 

ROS assessment. 

The hypothesis of this chapter: 

• Layered silicates NMs induce production of ROS in a cell-free system. 

• Layered silicates NMs generate ROS in J774A.1 cells. 

• Physicochemical characteristics of layered silicates influence their ability to 

induce generation of ROS. More specifically: 

o Layered silicates with higher lithium and/or fluoride content possess 

higher oxidative potency. 

o Size and surface area influence layered silicate oxidative potency, with 

smaller particles possessing higher oxidative potency than bigger 

particles. 
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4.2 Materials and methods  

 

4.2.1 Acellular ROS production  

The oxidative potency of layered silicates was assessed using a DCFH-DA. This method 

relies on the ability of oxidizing species to convert a non-fluorescent dye, 2',7'-

dichlorodihydrofluorescein (DCFH), to yield a highly fluorescent derivative, 2',7'-

dichlorofluorescein (DCF). Therefore, the measurement of the fluorescence intensity 

corresponds to the amount of generated ROS. 

A 10 mM stock solution of the DCFH-DA (Sigma-Aldrich, UK) was prepared by 

dissolving DCFH-DA powder in methanol. The DCFH-DA was chemically deacetylated 

to DCFH by adding 1300 µl of 1 mM DCFH-DA to 5200 µl of 10 mM NaOH. The 

reaction mixture was kept in the dark for 30 minutes at room temperature. The hydrolysis 

reaction was quenched with 19.5 ml of 0.1 M PBS solution (pH=7.4) to give a final 

concentration of 50 µM DCFH. Next, to each well in a black, flat- and clear-bottom 96-

well plate, 225 µl of 50 µM DCFH solution was added and subsequently spiked with 25 

µl of phenol free complete RPMI medium (control) or particle suspension in phenol free 

complete RPMI medium (prepared as described in section 2.2.3.1) to give a final particle 

concentration of 31.3, 62.5 and 125 µg/ml. The carbon black Printex-90 NP (CB) was 

used as a positive control, at concentration of 15.6 and 31.3 µg/ml. Autofluorescence of 

particles was assessed by performing the assay, which consisted of all reagents, including 

particles, but replacing DCFH-DA with an equivalent volume of methanol. No evidence 

of autofluorescence was found for any of the tested particles (data not shown).  

The rate of intracellular ROS production was monitored by measuring the fluorescence, 

generated by the oxidation of DCFH to DCF at 485 nm excitation and 530 nm emission, 

using a SpectraMax M5 plate reader (Molecular Devices, UK). Fluorescence readings 

were taken at time 0 and every 15 min for 60 min, and then every hour for 2 hr, under 

constant agitation on orbital plate shaker, at room temperature. The DCF fluorescence 

increase, as a percentage of the control group, was calculated for each particle 

concentration and plotted versus each time point.  

 

4.2.2 Cell culture  

J774A.1 cells were cultured as described in section 2.2.2.1. 
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4.2.3 Particle dispersion protocol for J774A.1 treatment 

Particles dispersions were prepared as described in section 2.2.3.1, but diluted to the 

required concentration in in Hanks’ Balanced Salt solution (HBSS), instead of complete 

RPMI medium. 

 

4.2.4 Cellular ROS production  

To quantify intracellular ROS, DCFH-DA probe was used again. DCFH-DA permeates 

into cells, losing the diacetate group by the action of intracellular esterases. The formed 

DCFH gets oxidised by ROS to highly fluorescent DCF.  

Preliminary experiments were conducted to define the assay conditions. Optimal 

concentration of DCFH-DA and probe loading time was assessed using tert-butyl 

hydroperoxide (tBHP) and CB. A 10 mM stock solution of the DCFH-DA was prepared 

by dissolving DCFH-DA powder in methanol. Based on optimisation studies, a 

concentration of 87.5 µM of DCFH-DA and 60 min DCFH-DA loading time was chosen 

(data not shown).  

J774A.1 cells were seeded in a flat-bottom 96-well plate at a density of 5.0 x 105 cells/ml 

(100 µl/well) and incubated for 24 hr at 37ºC with 5% CO2, prior to particle treatment. 

After 24 hr of incubation, the cells were washed twice with PBS and 100 µl of 87.5 µM 

DCFH-DA solution (prepared in HBSS or methanol in HBSS (without DCFH-DA; blank) 

was added, followed by 60 minutes incubation at 37ºC with 5% CO2, in the dark. Next, 

DCFH-DA solution was removed, and cells were washed twice with PBS, in order to 

remove not internalised DCFH-DA. Cells were exposed to sub-lethal concentrations of 

particles diluted in HBSS and incubated at 37ºC and 5 % CO2. Samples High F/Med Li, 

High F/Med Li washed, No F/Med Li, No F/Low Li, No F/V low Li and DQ12 were 

tested at 31.3, 62.5 and 125 µg/ml; and samples Med F/High li, Low F/Med Li, MMT, 

sHca-1 and Na-F-Hectorite were assessed at concentrations of 7.8, 15.6 and 31.3 µg/ml. 

The CB was used as a positive control at concentrations of 15.6 and 31.3 µg/ml.  

The rate of intracellular ROS production was monitored by measuring the fluorescence 

generated by the oxidation of DCFH to DCF for 240 minutes at 485 nm excitation and 

530 nm emission, using SpectraMax M5 plate reader (Molecular Devices, UK). Readings 

were taken at time 0 and every 30 minutes for 180 minutes, and then every hour for 1 hr. 

The DCF fluorescence increase, after subtraction of corresponding blank values, was 
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calculated as a percentage of the untreated control group for each particle concentration 

and plotted versus each time point.  

 

4.2.5 DCF quenching by particles  

The potential ability of studied particles to quench the fluorescence of DCF was assessed 

by replacing DCFH-DA probe with defined amounts of fluorescein diacetate (F-DA).  

A 10 mM stock solution of the F-DA (Sigma -Aldrich, UK) was prepared by dissolving 

F-DA powder into acetone. The fluorescein diacetate was chemically hydrolysed to its 

fluorescent form, fluorescein, by adding 1300 µl of 1 mM F-DA to 5200 µl of 10 mM 

NaOH. The reaction mixture was placed in the dark for 5 minutes at room temperature. 

The reaction mixture was stopped by adding 19.5 ml of 0.1 M PBS solution (pH 7.4), to 

give 50 µM fluorescein solution, which was further diluted using 0.1M PBS to give a 

final concentration of 0.5 µM of fluorescein. Next, to each well in a black, flat- and clear-

bottom 96-well plate, 225 µl of 50 µM fluorescein solution was added and subsequently 

spiked with 25 µl of phenol free complete RPMI medium (control) or particle suspension 

in phenol free complete RPMI medium (prepared as described in section 2.2.3.1) to give 

a final particle concentration of 31.3, 62.5 and 125 µg/ml. The CB was tested at a 

concentration of 15.6, 31.3, 62.5 and 125 µg/ml.  

The fluorescence of fluorescein in the presence of particles was measured continuously 

for 240 minutes at 485 nm excitation and 530 nm emission, using SpectraMax M5 plate 

reader (Molecular Devices, UK). Readings were taken at time 0 and every 30 minutes, 

under constant agitation, at room temperature. The fluorescein fluorescence was 

calculated for each particle concentration as a percentage of the control group and plotted 

versus each time point. 

 

4.2.6 Statistical analysis  

All data were analysed as described previously in section 2.2.7. 
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4.3 Results  

 

4.3.1 Acellular ROS  

Acellular ROS production upon exposure to different types of layered silicates, DQ12 

and CB is shown in Figure 4.1. 

None of the studied layered silicates displayed an increase in DCF fluorescence compared 

to the medium-only control. For samples High F/Med Li, High F/Med Li washed, Med 

F/High Li, Low F/Med Li, Na-F-Hectorite, MMT and sHca-1 the fluorescence was close 

to or slightly lower than the control, at all-time points and concentrations investigated, 

suggesting that  the oxidative species detected by this assay did not occur under the test 

conditions (Figure 4.1A-F, H-I). Interestingly, No F/Med Li and No F/V low Li particles 

resulted in a significant decrease in DCF fluorescence, when compared to untreated 

J774A.1 cells, at a concentration of 125 µg/ml, following exposure for 180 minutes (both 

p < 0.01) (Figure 4.1E and G). DQ12 particles at a concentration of 125 µg/ml 

significantly increased DCF fluorescence, but only following 180 min of treatment (p < 

0.01) (Figure 4.1K), and the increase was relatively small compared to CB. The positive 

control treatment of CB, induced a concentration dependent increase in DCF 

fluorescence, with effects reaching statistical significance at all exposure concentrations 

and all time points investigated (p < 0.01 – 0.0001), causing ca. 400 – 800 greater amount 

of fluorescence, compared to the control (Figure 4.1L). 

A comparative analysis of acellular ROS production, at 125 µg/ml following 180 min 

exposure, indicated that DQ12 induced significantly more DCF fluorescence than any 

layered silicate sample (p < 0.01 – 0.0001), with the exception of Na-F-Hectorite and 

Low F/Med Li particles (Figure 4.2), however to a much lower level than CB. In addition, 

samples No F/Med Li and No V/V low Li generated significantly less ROS production in 

comparison to samples MMT, sHca-1, Na-F-Hectorite, Low F/Med Li and High F/Med 

Li washed (p < 0.05 – 0.0001) (Figure 4.2).  
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Figure 4.1 Acellular ROS formation by different types of particles.  

Acellular ROS production by different types of layered silicates (A – J), DQ12 (K) and CB (L) was 

determined using the DCFH-DA assay, with time intervals up to 180 min, at concentrations ranging from 

15.6 – 125 µg/ml. ROS production expressed as a % of the control (DCFH with medium only). Values 

represent the mean ± SEM (n=3), significance is indicated by * = p < 0.05, ** = p < 0.01, *** = p < 0.001, 

**** = p < 0.0001). Note different scale bar for CB (L).  
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Figure 4.2 Acellular ROS formation by different types of particles, interparticle comparison. 

Acellular production of ROS induced by different types of layered silicates and DQ12 was determined using 

the DCFH-DA assay following 180 min exposure, at concentration of 125 µg/ml. Values represent the mean 

± SEM (n=3). Means that do not share a letter are significantly different.  

 

4.3.2 Cellular ROS 

To assess the intracellular generation of ROS by J774A.1 cells, in response to control and 

test materials, the DCFH-DA probe was used. Cells were exposed to sub-lethal 

concentration of particles over a period of 4 hr and the results are presented in Figure 4.3. 

No significant or clear-concentration dependent alteration in DCF fluorescence was 

observed, at any of the concentrations and time points investigated following exposure to 

High F/Med Li, No F/Med Li, No F/Low Li, No F/V low Li (Figure 4.3A, E-G). By 

contrast, sample Med F/High Li, Low F/Med Li, Na-F-Hectorite, MMT and sHca-1 

induced significant levels of ROS, at a concentration of 31.3 µg/ml, at various time points 

(p < 0.05 – 0.0001), when compared to untreated J774A.1 cells (Figure 4.3C, D, H - J). 

In addition, exposure to Na-F-Hectorite resulted in elevated levels of DCF fluorescence, 

at a concentration of 31.3 µg/ml, from as early as 30 minutes, but due to a high variation 

the significance was only achieved from 160 min exposure (Figure 4.3H). Unexpectedly, 

following treatment with DQ12 there was no concentration-dependent and no significant 

increase in intracellular formation of ROS, at any time points and concentrations tested 
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(Figure 4.3K). The positive control, CB, resulted in high levels of ROS in J774A.1 cells, 

with effects reaching statistical significance from the earliest time point and concentration 

assessed (p < 0.01 – 0.0001) (Figure 4.3L). In addition, in J774A.1 after 30 minutes of 

exposure to CB, the DCF fluorescence reached the point of saturation, and with increasing 

treatment time a decrease in fluorescence signal was observed (Figure 4.3L).   

A comparative analysis of intracellular ROS production, at a concentration of 31.3 µg/ml 

following 240 minutes of exposure, indicated borderline significant difference (p <  0.05) 

only between sample Low F/Med Li, which induced more ROS, and samples High F/Med 

Li and High F/Med Li washed, which generated smaller quantities of ROS (Figure 4.4). 
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Figure 4.3 Intracellular ROS formation by different types of particles. 

Cellular ROS production by different types of layered silicates (A – J), DQ12 (K) and CB (L) was 

determined using the DCFH-DA assay,with time intervals up to 240 min, at concentrations ranging from 

15.6 – 125 µg/ml. ROS production expressed as a % of the control (cells exposed to medium only). Values 

represent the mean ± SEM (n=3, significance is indicated by * = p < 0.05, ** = p < 0.01, *** = p < 0.001, 

**** = p < 0.0001). Note different scale bar for CB (L). 
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Figure 4.4 Intracellular ROS formation by different types of particles, interparticle comparison. 

Intracellular ROS production by different types of layered silicates and DQ12 was determined using the 

DCFH-DA assay following 240 min exposure, at a concentration of 31.3 µg/ml. Values represent the mean 

± SEM (n=3). Means that do not share a letter are significantly different.  

 

4.3.3 DCF quenching by particles 

To investigate the potential interference of tested particles with the fluorescence 

measurement of DCF, layered silicates, DQ12 and CB samples were incubated with 

fluorescein probe, and fluorescence emission was measured over 240 min at 30 min 

intervals. Figure 4.5 illustrates only data obtained following 240 min exposure as the same 

trend was measured for earlier time points. 

As shown in Figure 4.5, neither DQ12 nor any of the layered silicates samples interfered 

with the detection of fluorescein fluorescence, irrespective of the concentration tested and 

time point assessed (data not shown for other time points). By contrast, CB displayed 

strong, concentration-dependent reduction of fluorescein signal, and at a concentration of 

125 µg/ml almost completely prevented detection of fluorescence.  
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Figure 4.5 Quenching of DCF probe by different type of particles. 

Quenching of fluorescein probe by different types of layered silicates, DQ12 and CB was determined by 

incubating tested particles with fluorescein for 240 min and measuring the fluorescence intensity. Values 

represent the mean ± SEM (n=3).  
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4.4 Discussion  

 

4.4.1 Overview of results  

The aims of the study, presented in this chapter, were to assess oxidative potency of 

layered silicate NMs and to measure oxidative stress within J774.A1 cells during 

exposure to investigated particles. This was achieved using the DCFH-DA assay, which 

enables detection of several ROS. ROS production can change over time, depending on 

the type of ROS, type of particles and cells under investigation. It was therefore necessary, 

in this study, to perform measurement of ROS over a wide range of time points.  

The obtained data indicated that none of the SLS and NLS samples possessed intrinsic 

potency to generate ROS, at all concentrations and time points tested, when suspended in 

RPMI medium supplemented with 10% FBS. Furthermore, measurement of acellular 

ROS production demonstrated that No F/Med Li and No F/V low Li particles were able, 

in fact, to lower the DCF fluorescence. However, decreased levels of DCF fluorescence 

were not associated with the ability of tested particles to quench the fluorescence of DCF.  

When J774A.1 cells were exposed to layered silicates a significant induction of ROS (ca. 

1.2-fold increase) was observed for Med F/High Li, Low F/Med Li, Na-F-Hectorite, 

MMT and sHca-1 samples, at concentrations of 31.3 µg/ml, and various time points. 

These findings suggest that studied samples exert oxidative effects through production of 

ROS only in the presence of cells, as in acellular conditions these effects were not 

observed.  

The positive control CB generate high levels of ROS in both cellular and acellular 

environment, whereas DQ12 was able to elevate ROS only in a cell free system.  

 

4.4.2 Oxidative potency of layered silicate NMs 

The DCFH-DA assay is one of the most commonly used oxidative stress methods (Stone 

et al., 2009; Wardman 2007; Hellack et al., 2017). This assay was firstly used as a detector 

of H2O2 (Keston & Brandt, 1965), but since then it has been utilised to detect the sum of 

intracellular ROS generation in cells in response to different types of NMS as well as to 

determine the intrinsic oxidative potential of NMs (Wilson et al., 2002; Foucaud et al., 
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2007; Rothen-Rutishauser et al., 2010; Boyles et al., 2018; Kermanizadeh et al., 2012; 

Doak et al., 2009; Myhre et al., 2003).  

In this study, the results obtained in a cell free system showed no significant enhancement 

in fluorescence emission of DCF with increasing concentrations of layered silicate 

samples at all time points studied, indicating a lack of free radical formation. In fact, the 

opposite effect was observed for the majority of SLS particles (High F/Med Li, Med 

F/High Li, No F/Low Li, No F/Med Li and No F/V low Li), where increased incubation 

resulted in a decrease in the DCF fluorescence. In some cases, namely No F/Med Li and 

No F/V low Li, after 180 min incubation the reduction of DCF signal was ca. 30% lower 

compared to control. One of the factors to consider when using fluorescent dyes is the 

possibility of NMs to interact with the probe, potentially due to interference with the 

fluorescence emission. Several studies have shown an ability of NMs to quench the 

fluorescent signal of the DCF chromophore (Doak et al., 2009; Kroll et al., 2012). In the 

conducted study, however fluorescent signal reduction could not be attributed to the 

ability of samples to quench the DCF fluorescence. As measured, none of the layered 

silicates caused a decrease in fluorescence signal when incubated with the fluorescent 

probe, at any time points and concentrations investigated. This decreased DCF 

fluorescence was also unlikely to be due to adsorption of DCFH on the particle surface 

and removal of the probe from the suspension, as the effect was not found to be 

concentration dependent. Thus, it can be assumed that investigated layered silicates did 

not exhibit potency to generate oxidative species in cell free system and/or they might 

possess ROS scavenging properties. Interestingly, Ghadiri et al., showed that synthetic 

silicate NM, Laponite® XLG (similar to No F/Low Li sample), was able to reduce the 

generation of ROS in primary dermal fibroblasts by ca. 50 %, and suggested that this 

sample exhibited scavenging properties, however authors did not investigate this further 

(Ghadiri et al., 2014). In the present study, the acellular ROS production could have been 

generated by components of the RPMI medium, particularly riboflavin (Grzelak et al., 

2001), and No F/Med Li and No F/V low Li samples may potentially act as a ROS 

scavenger. In future studies it would be interesting to incubate layered silicates with H2O2, 

in the presence of peroxidases, and measure the DCF fluorescence. This would allow to 

assess the potential ROS scavenging properties of No F/Med Li and No F/V low Li 

particles. In this study, CB particles caused concentration dependent quenching of the 

DCF fluorescence, which was almost complete at the highest concentrations tested (125 

and 62.5 µg/ml), indicating interference with DCFH-DA assay. However, those particles 
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produced a dramatic increase of fluorescence at the lower concentrations used (15.6 and 

31.3 µg/ml), in cell free and cellular system, which minimized the importance of the 

aforementioned quenching effect. 

Previous research suggest that using different media can greatly influence the DCFH 

oxidation (Rothen-Rutishauser et al., 2010; Foucaud et al., 2007; Zhao and Riediker 

2014). For example, Schlinkert et al., demonstrated that formation of protein corona (in 

RPMI medium supplemented with 10% FCS) on differently functionalized Ag and Au 

NPs greatly decreased the ability of these NPs to produce ROS in a cell free system, 

compared to media without addition of proteins (Schlinkert et al., 2015). In addition, 

serum albumin, an abundant protein in FBS, possesses anti-oxidative capacity, due to its 

free radical‐trapping properties (Roche et al., 2008). In this thesis the acellular ROS 

generation was done for particles dispersed in RPMI medium supplemented with 10 % 

FBS, as this replicates the conditions of cellular exposure in other chapters, which may 

have altered the surface reactivity of tested samples and could potentially decrease the 

DCF fluorescence. Therefore, further studies could assess the oxidative potency of 

layered silicates in different types of dispersants without a presence of proteins. Also, no 

enhanced ROS production in a non-cellular environment was observed for NLS (sHca-1 

and MMT samples). These results are in agreement with those of Sharma et al., who 

reported no ROS generation for pristine MMT (Cloisite® Na+) at concentrations up to 

226 µg/ml, in cell free conditions (Sharma et al., 2010). Study by Ude et al. also 

complemented the findings of the presented study and showed that pristine MMT (from 

the same source used in this study) did not induce ROS production, in undifferentiated 

Caco-2 cells and in a cell free system, using DCFH-DA assay (Ude et al., 2019).  

In addition to the measurement of ROS in acellular conditions, the DCFH-DA assay was 

also utilised to assess the intracellular ROS levels in J774A.1 cells. Particles were 

assessed at sub-lethal concentrations as the intracellular ROS measurement, using DCFH-

DA probe, requires an intact cellular membrane. It should also be emphasised that 

evaluation of ROS in cellular conditions was not performed in complete RPMI culture 

medium, as for cell free systems, but in HBSS. This condition was used in order to 

minimise, as mentioned before, the potential anti-oxidative properties of albumin and 

oxidative potential of media components. Among SLS samples, only Med F/High Li, 

Low F/Med Li and Na-F-Hectorite particles induced small (ca. 1.2-fold increase, at 31.3 

µg/ml) however significantly elevated levels of ROS in J774A.1 cells. This indicates that 
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ROS predominantly originated from interactions between these samples and cells, as no 

ROS were detected in the acellular system. For the remaining SLS samples (High F/Med 

Li, High F/Med Li washed, No F/Med Li, No F/Low Li and No F/V low Li), no significant 

increase and no clear concentration-dependent effect on ROS production was observed, 

suggesting that these particles did not stimulate ROS production in J774A.1 cells.  

The marked and comparable elevation (ca. 1.2-fold increase, at 31.3 µg/ml) of 

intracellular ROS was noted for both MMT and sHca-1 samples. The significant increase 

of oxidising species in response to MMT observed in this study is in line with results 

presented in other existing studies. For example, Lordan et al., showed that intracellular 

ROS were generated as early as 4 h post-treatment, in hepatocytes (HepG2 cell line), with 

the pristine MMT (Cloisite®Na+) at concentrations above 50 µg/ml (Lordan et al., 2011). 

Baek et al., demonstrated that only a high concentration of MMT (1000 µg/ml) led to an 

increase in ROS, following 24 hr incubation with intestinal cells (INT-407 cell line) (Baek 

et al., 2012). By contrast, other studies did not observe any effects on ROS formation in 

MMT-exposed cells. Organically modified MMT (Cloisite®30B), at 88 µg/ml, did not 

induce direct changes in ROS levels in HepG2 cells, following 24 and 48 hr exposure, 

however a decrease in the GSH content was noted at both time points (Maisanaba et al., 

2013c). Similarly, Houtman et al., observed no ROS production in HepG2 and Caco-2 

cell lines exposed to the quaternary ammonium modified MMT (Clay2), but only 

depletion in GSH level (Houtman et al., 2014). This may suggest that GSH method is 

suitable for assessment of oxidative stress in response to layered silicates. Overall, 

currently there are a limited number of studies aimed to investigate the oxidative stress 

induced by layered silicates and it is difficult to compare the results from the existing 

literature to those obtained in this study, as different experimental approaches and 

conditions were used, which can greatly influence the experimental outcomes. This 

included different types of cell lines, media, variability in loading/exposure approach 

used (cells are either first exposed to NMs and then to the probe or first loaded with probe 

and then incubated with NMs) and more importantly different types of layered silicates 

tested (current literature mostly investigate oxidative potential of organically modified 

MMT). It is also important to mention that, in this study, the cellular ROS generation, 

was investigated up to 240 min post-treatment. Therefore, future studies should include 

measurement of ROS following longer term exposure. 
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Furthermore, in the present study, it was observed that DQ12 caused a relatively low, 1.2-

fold increase in acellular ROS (only at the highest concentration of 125 µg/ml, following 

180 minutes exposure). No ROS generation was observed in DQ12-exposed J774A.1 

cells, where the level remained constant, irrespective of time and concentration studied. 

This result was highly unexpected as it has been shown that crystalline silica can induce 

on its surface, formation of silicon-based free radicals, which in aqueous suspensions 

generate ROS, including H2O2, OH and O2
•¯ (Fubini and Hubbard 2003; Shi et al., 1998;  

Donaldson and Borm 1998; Duffin et al., 2001).  Moreover, crystalline silica is a potent 

stimulant of the respiratory burst in phagocytic cells which leads to ROS/RNS production 

(Zhang et al., 2010; van Berlo et al., 2010). It has been shown previously that “fresh” 

quartz is more reactive than “aged” samples due to the presence of cleavage of the silicon-

oxygen bond on the silica surface (Gwinn et al., 2009; Fubini et al., 1995; Castranova, 

2004).  Therefore, the relatively low oxidative properties of DQ12 quartz in the presented 

study might be explained by the age of the sample and its oxidised surface (ca. 20 years). 

It is important to note some limitations of DCFH-DA assay. Although DCFH-DA assay 

detects a wide range of oxidative species, this method does not measure directly H2O2 or 

1O2 (Bilski et al., 2002; Myhre et al., 2003). In fact 1O2 has been shown to act as a 

quencher of DCF fluorescence, when directly exposed to DCFH (Bilski et al., 2002). In 

addition, DCFH can be oxidized to DCF, independently of ROS formation, as a result of 

interaction with intracellular substances such as cytochrome c, cytoplasm oxidases or 

peroxidases (Kalyanaraman et al., 2012). Therefore, a combination of other methods 

would provide complementary information on the ROS formation generated by 

investigated particles. For example, cytochrome c assay could be used to assess O2
•¯ 

production by cells. 

This study also highlighted that tested layered silicates did not markedly differ in their 

intrinsic ability to produce ROS when measured in the cell free DCFH-DA assay. 

Although there was a significant difference between samples No F/Med Li and No F/V 

low Li and samples MMT, sHca-1, Na-F-Hectorite, Low F/Med Li and High F/Med Li 

washed, this difference was in fact attributed to significantly lower DCF fluorescence, 

compare to control, generated by No F/Med Li and No F/V low Li. Therefore, the 

differences between particles are most probably not biologically relevant.  

The data showed that lithium and fluoride content, in SLS particles, was not associated 

with their ability to induce oxidising species formation in acellular and cellular 
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conditions. Measurement of acellular ROS indicated that all SLS samples were incapable 

of generating ROS, irrespective of fluoride and lithium content. A comparative analysis 

of intracellular ROS production indicated a small yet significant difference only between 

sample Low F/Med Li, which induced more ROS, and its higher fluoride counterparts 

samples, High F/Med Li and High F/Med Li washed, which generated in fact smaller 

quantities of ROS, suggesting again that the fluoride and lithium did not have impact on 

cellular oxidant formation, in J774A.1 cells.  

 

4.5 Conclusions 

Against the initial hypothesis, the results that were obtained in the conducted study 

indicate that neither NLS nor SLS possess intrinsic potency to generate ROS, as measured 

by DCFH-DA assay. In fact, No F/Med Li and No F/V low Li particles were able to 

significantly decrease the fluorescence of DCF. However, it was not clear from the study 

whether this was due to anti-oxidative properties of these samples or some levels of 

interference with the DCFH-DA assay. Small yet significant intracellular ROS levels 

could be detected for Med F/High Li, Low F/Med Li, Na-F-Hectorite, MMT and sHca-1 

samples, which suggest that these particles can stimulate cells to generate intracellularly 

ROS. The initial hypothesis was that layered silicates with higher lithium and/or fluoride 

content possess higher pro-inflammatory potency. However, this study emphasizes that 

investigated layered silicate samples did not markedly differ in their intrinsic oxidative 

potency, as well as ability to induce cells to produce ROS. Thus, it can be assumed that 

chemical composition as well as size were not factors influencing oxidative potential of 

layered silicate samples as assessed by the DCFH assay.  
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Chapter 5. Uptake of layered silicate NMs by J774A.1 and PBMC cells 

and impacts on cell morphology. 
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5.1 Aims and hypothesis  

The aim of the study covered in this chapter, was to assess the uptake and morphological 

changes upon exposure to layered silicates NMs in in vitro models of macrophages: 

J774A.1 murine cell line and human peripheral blood mononuclear cells (PBMC). To 

assess this, a number of different microscopic techniques were undertaken, such as light 

microscopy, electron microscopy, live fluorescence microscopy and confocal 

microscopy.  

The hypotheses of this chapter: 

• Layered silicate NMs are expected to be taken up by J774A.1 and PBMC cells, 

due to the phagocytic nature of these cells. 

• Layered silicate NMs are expected to have an impact on cellular morphology of 

J774A.1 and PBMC cells.  

During the study we observed extensive cytoplasmic vacuolisation (see section 5.3.1), 

and so additional hypotheses were also tested: 

• Upon the exposure to layered silicates NMs, the cytoplasmic vacuolisation is a 

consequence of methuosis, a form of cell death associated with alteration in 

macropinocytosis pathway.  

• The vacuoles, upon exposure to layered silicates NMs, are derived from swollen 

mitochondria and/or ER, therefore cytoplasmic vacuolisation occurs via 

paraptosis.   
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5.2  Materials and methods 

 

5.2.1 Cell culture 

J774A.1 cells were cultured as described in section 2.2.2.1 and PBMC cells were isolated 

and cultured as described in section 2.2.2.2. 

 

5.2.2 Particle dispersion protocol  

 

5.2.2.1 Particle dispersion protocol for J774A.1 cell treatment 

Particles dispersion were prepared as described in section 2.2.3.1. 

 

5.2.2.2 Particle dispersion for PBMC treatment 

Particles dispersions were prepared as described in section 2.2.3.2. 

 

5.2.3 Light microscopy and Romanowsky staining 

Freshly isolated human blood monocytes were seeded in a 24-well plate at a density of 

2.5 x 106 cells/ml (0.5 ml/well) on sterile 10 mm coverslips and differentiated into PBMC 

as described previously (section 2.2.2.2), prior to particle treatment.   

J774A.1 cells were cultured in 24-well plate at a density of 5.0 x 105 cells/ml (0.5 ml/well) 

on sterile 10 mm glass coverslips. Cells were allowed to attach to the coverslips for 24 hr 

at 37 ºC with 5% CO2 prior to particle treatment. 

Next, cells were exposed for 24 hr to sub-lethal concentrations of particles, at 37oC and 5 

% CO2. Sample High F/Med Li, High F/Med Li washed, No F/Med Li, No F/Low Li and 

No F/V low Li were investigated at 125 µg/ml. Sample Med F/High Li, Low F/Med Li 

were tested at 31.3 µg/ml and Na-F-Hectorite, MMT and sHca1 were tested at 15.6 µg/ml. 

The control cells received medium only. After 24 hr incubation with particles, cells were 

washed with PBS and images of the cells were obtained using light microscopy. 

In addition, the coverslips were removed from wells and stained using a Romanowsky 

dye (TCS Biosciences, UK). First, cells were fixed by merging (x10) the coverslip in 

100% methanol and staining with azure B and eosin Y solutions, in order to stain the 
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nucleus and cytoplasm, respectively. The coverslips were washed in distilled water, to 

remove excess dye, air-dried and mounted onto glass microscope slides with DPX 

mountant (Sigma-Aldrich). The images of the stained cells were obtained by light 

microscopy.  

 

5.2.4 SEM 

Freshly isolated human blood monocytes were seeded in 24-well plate at a density of 2.5 

x 106 cells/ml (0.5 ml/well) on Thermanox® coverslips (Thermo Fisher Scientific, UK) 

and differentiated into PBMC, as described previously (section 2.2.2.2), prior to particle 

treatment. 

J774A.1 cells were seeded in 24-well plate at density 5.0 x 105 cells/ml (0.5 ml/well) on 

Thermanox® coverslips and were allowed to attach to the coverslips for 24 hr at 37 ºC 

with 5% CO2, prior to particle treatment.  

PBMC and J774A.1 cells were exposed to sub-lethal concentrations of No F/Low Li (at 

125 µg/ml) and sHca-1 (at 31.3 µg/ml), for 24 hr, at 37oC and 5 % CO2. This samples 

were chosen to represent SLS and NLS particles. A control exposed to medium only was 

also included. After particle treatment, medium was removed from each well and cells 

were rinsed twice with PBS and fixed overnight at 4°C by addition of 500 µl of 2.5 % 

glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.2). In the next step, fixative was 

removed, and all wells were washed three times with 0.1 M sodium cacodylate buffer (pH 

7.2). Samples were then dehydrated through a series of ethanol concentrations (35 %, 50 

%, 70 %, 80 %, 90 %, 95 %, 100 %, 100 %, 100 %, for 10 minutes each), dried by adding 

to each well 500 µl hexamethyldisilazane (HMDS) (Sigma-Aldrich, UK) and left 

overnight in a fume hood, at room temperature, to allow the HMDS to evaporate from 

wells. After drying, the samples were mounted on aluminium stubs using carbon pads 

(Agar Scientific, UK) and sputter coated with a layer of gold using Polaron SC502 

(Polaron, UK) for a duration of 45 seconds and a coating current of 18 mA. Samples were 

then examined using the Quanta™ 3D FEG high-resolution SEM microscope (FEI™, 

USA). 

 



 

145 

 

5.2.5 Transmission electron microscopy (TEM) 

Freshly isolated human blood monocytes were seeded in 6-well plate, at a density of 2.5 

x 106 cells/ml (3 ml/well) and differentiated into PBMC, as described previously (section 

2.2.2.2), prior to particle treatment. 

J774A.1 cells were seeded in 6-well plate at a density of 5.0 x 105 cells/ml (3 ml/well) 

and were allowed to attach to the coverslips for 24 hr at 37°C with 5% CO2, prior to 

particle treatment.  

PBMC and J774A.1 cells were exposed to sub-lethal concentrations of sample No F/Low 

Li (at 125 µg/ml) and sHca-1 (at 31.3 µg/ml), for 24 hr, at 37oC and 5 % CO2. This 

samples were chosen to represent SLS and NLS particles. A control exposed to only 

medium was also included. At the end of exposure, cells were washed twice with PBS, 

removed from the cell culture dish by scraping and placed in an Eppendorf. The tubes 

were centrifuged for 5 minutes at 1000 g and fixed overnight, at 4°C by adding 1 ml of 

2.5 % glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.2). After fixation, the cell 

pellet was washed three times with 0.1 M sodium cacodylate buffer (pH 7.2). Further 

sample preparation was carried out at the Bio-Imaging Facility at The University of 

Edinburgh. Briefly, samples were post-fixated in 1 % osmium tetroxide in 0.1 M sodium 

cacodylate buffer (pH 7.2), dehydrated through a series of acetone concentrations and 

embedded in Araldite resin. The Reichert OMU4 ultramicrotome (Leica Microsystems, 

UK) was used to obtain 1 µm thick sections and then stained with toluidine blue. Next, 

sliced sections were investigated under a light microscope (Olympus BX40) in order to 

choose suitable areas for imaging and finally stained in uranyl acetate and lead citrate. 

Samples were viewed using a JEM-1400 Plus TEM (JEOL Ltd, Tokyo, Japan). The 

images were subsequently analysed using the ImageJ software.  

 

5.2.6 Fluorescent live cell imaging of J774A.1 cells stained with ER-Tracker Blue-

White DPX 

ER-Tracker™ Blue-White DPX (Molecular probes, UK) was employed to fluorescently 

stain ER in J774A.1 cells. ER-Tracker™ Blue-White DPX is cell-permeant and highly 

selective dye for the ER in live cells.  

J774A.1 cells were seeded on 25 mm sterile coverslips, in 6-well plate, at a density 5.0 x 

105 cells/ml (3 ml/well), and incubated at 37 °C, 5% CO2, for 24 hr. After incubation cells 
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were exposed to High F/Med Li sample, at a concentration of 125 µg/ml in complete 

RPMI medium, for 5 hr (at 37oC and 5 % CO2), in order to induce vacuole formation. 

Next, particle solution was removed from the well and cells were washed with pre-

warmed to 37°C Hanks’ Balanced Salt Solution (HBSS), followed by addition of freshly 

prepared, pre-warmed to 37°C, 200 nM ER-Tracker™ Blue-White DPX in HBSS. Cells 

were incubated with dye solution for 20 minutes, at 37°C, 5% CO2. After 20 minutes the 

probe containing medium was removed, cells were washed with PBS and fresh RPMI 

medium (phenol free and serum free) was added to each well. Next, the coverslip was 

removed from each well and immediately placed in a humidified coverslip chamber. 

Bright field and fluorescent images of the living cells were acquired on an Olympus Cell 

Excellence IX81 microscope (Olympus, UK), equipped with an Olympus CellR software 

(Olympus, UK), with excitation of 374 nm and emission of 460 nm. The images were 

subsequently analysed using the ImageJ software. 

 

5.2.7 Fluorescent live cell imaging of J774A.1 cells stained with LysoSensor™ 

Yellow/Blue DND-160. 

LysoSensor™ Yellow/Blue DND-160 (Molecular Probes, UK) was used to stain the 

acidic compartments within the J774A.1 cells. LysoSensor™ Yellow/Blue DND-160 is 

taken up by the cells through the endocytosis pathway and accumulates in acidic 

organelles as the result of protonation. LysoSensor™ Yellow/Blue DND-160 has 

predominantly yellow fluorescence in acidic vesicles.  

J774A.1 cells were seeded on 25 mm sterile coverslip in 6-well plate (3 ml/well), at 

density 5.0 x 105 cells/ml, and incubate at 37°C, 5% CO2, for 24 hr. After, incubation cells 

were exposed to High F/Med Li sample, at concentration of 125 µg/ml in complete RPMI 

medium, for 5 hr (at 37oC and 5 % CO2), in order to induce vacuole formation. Next, 

particle solution was removed from well and cells were washed with PBS, followed by 

addition of freshly prepared LysoSensor™ Yellow/Blue DND-160 in RPMI cell culture 

medium (phenol free and serum free), at a concentration of 2.5 µM and pre-warmed to 

37°C. Cells were incubated with the dye solution for 5 minutes, at 37°C, 5% CO2. After 

5 minutes the probe containing medium was removed, cells were washed twice with PBS 

and fresh phenol free complete RPMI medium (containing 10% FBS) was added. The 

coverslip was removed from each well, immediately placed in a humidified coverslip 

chamber and fluorescent images of the living cells were acquired on an Olympus Cell 
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Excellence IX81 microscope (Olympus, UK), equipped with an Olympus CellR software 

(Olympus, UK), with excitation of 384 nm and emission of 540 nm. The images were 

subsequently analysed using the software ImageJ. 

 

5.2.8 Confocal imaging of J774A.1 cells stained with MitoTracker® Red CMXRos. 

MitoTracker® Red CMXRos (Molecular probes, UK) dye was employed to stain 

mitochondria in J774A.1 cells. The dye is capable of passively diffusing across the plasma 

membrane and accumulates in active mitochondria in live cells. 

J774A.1 cells were seeded on 10 mm sterile coverslips in 24-well plates, at a density of 

5.0 x 105 cells/ml (0.5 ml/well), and incubated at 37°C, 5% CO2, for 24 hr. After, 

incubation cells were exposed to High F/ Med Li sample, at concentration of 125 µg/ml, 

in complete RPMI medium, for 5 hr (at 37oC and 5 % CO2), in order to induce vacuole 

formation. Next, particle solution was removed from each well and replaced with freshly 

prepared MitoTracker® Red CMXRos solution RPMI medium (phenol free and serum 

free), at a concentration of 100 nM and pre-warmed to 37°C. Cells were incubated with 

dye solution for 30 minutes, at 37°C, 5% CO2. After 30 minutes the probe containing 

medium was removed, cells were washed with PBS and fresh RPMI medium (serum free 

and phenol free) was applied. Next, cells were fixed using 3.7 % formaldehyde in 

complete RPMI medium, at 37°C for 15 minutes. Cells were permeabilised for 10 minutes 

with PBS containing 0.2% Triton® X-100 and washed two times with PBS, followed by 

addition of 40 µl of 0.2 nM Phalloidin-Atto 488 (Sigma, UK) for 30 minutes in a humid 

chamber. Finally, cells were washed three times with PBS and mounted onto microscope 

slides using ProLong™ Gold Antifade Mountant with 4′,6-diamidino-2-phenylindole 

(DAPI) in order to satin nucleus (Thermo Fisher Scientific, UK). Images were acquired 

using a Leica SP5 SMD laser scanning confocal microscope (Leica, UK) equipped with 

a super continuum white light laser, with excitation of 579 nm and emission 599 nm for 

MitoTracker® Red CMXRos, excitation of 358 nm and emission  of 461 nm for DAPI 

and excitation of  495 nm and emission of 520 nm for Phalloidin-Atto 488. The images 

were subsequently analysed using the ImageJ software. 
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5.2.9 Inhibition of clathrin-independent endocytosis in J774A.1 cells using filipin III. 

Filipin III (Sigma Aldrich, UK) was used as an inhibitor of clathrin-independent 

endocytosis. Filipin III is very unstable in solution and its activity rapidly decreases over 

time, therefore a freshly prepared suspension was used for each experiment.  

In this study, in addition to treatment with layered silicate sample, J774A.1 cells were 

exposed, in the presence of filipin III, to 750 nm fluorescently labelled polystyrene beads 

which served as control particles. This allowed assessment of ability of filipin III to inhibit 

clathrin-independent endocytosis in J774A.1. 

 

5.2.9.1  Cytotoxicity assessment of filipin III in J774A.1 cells 

Prior to the inhibitory study, the viability of J774A.1 cells was assessed upon exposure to 

filipin III, in order to choose a range of non-toxic concentrations, for subsequent 

experiments.  

J774A.1 cells were seeded in flat-bottomed 96-well plate at density 5.0 x 105 cells/ml 

(100 µl/well) and were allowed to attach to the coverslips for 24 hr at 37ºC with 5% CO2, 

prior to filipin III treatment. Stock suspension of filipin III, at concentration of 1 mg/ml, 

was prepared in DMSO, and then diluted to the final concentrations (ranging from 0.19 – 

48 µg/ml) in RPMI medium supplemented with 0.5 % FBS. Next, J774A.1 cells were 

pre-incubated for 30 minutes with filipin III or without filipin but to an equivalent volume 

of DMSO (vehicle control). After 30 minutes of incubation, the plate was washed three 

times with PBS and 100 µl of complete RPMI medium was added to each well. After 5 

hr the cytotoxicity was assessed by Alamar blue, as described previously in section 2.2.6.  

 

5.2.9.2  Inhibitory study with filipin III in J774A.1 cells 

The inhibitory study was carried out by seeding J774A.1 cells in a 24-well plate (for 

exposure to High F/Med Li sample) or on 10 mm sterile coverslips in a 24-well plate (for 

exposure to fluorescently labelled polystyrene beads) at a density 5.0 x 105 cells/ml 

(0.5 ml/well) and incubated at 37 °C with 5% CO2 for 24 hr. After incubation, cells were 

pre-treated for 30 minutes with filipin III, at non-toxic concentrations of 1.5, 0.75 and 

0.375 µg/ml (chosen on the basis of cytotoxicity results described in section 5.3.5), 

suspended in RPMI medium supplemented with 0.5 % FBS, at 37oC and 5 % CO2. In 
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addition, cells were exposed to RPMI medium supplemented with 0.5 % FBS without 

filipin III but with an equivalent volume of DMSO (vehicle control). Next, cells were 

washed three times with PBS, in order to remove unbound filipin III and subsequently 

exposed to either High F/Med Li sample or fluorescently labelled polystyrene beads of 

750 nm diameter (Thermo-Fisher Scientific, UK) (control particles).  

J774A.1 cells were exposed to the High F/Med Li sample at a concentration of 125 µg/ml 

in complete RPMI medium (prepared as described in section 2.2.3.1). High F/Med Li 

sample was chosen as this material possessed relatively low toxicity and induced a fast 

rate of cytoplasmic vacuolisation in J774A.1 cells, at concentration of 125 µg/ml. The 

exposure was for 5 hr and allowed assessment of the presence of vacuoles using light 

microscopy. 

J774A.1 cells were exposed for 1 hr to fluorescently labelled polystyrene beads, in 

complete RPMI medium at a concentration of 20 µg/ml. After incubation, cells were 

washed three times with PBS, in order to remove unbound beads, and fixed using pre-

warmed 3.7 % formaldehyde in complete RPMI medium, at 37°C for 15 minutes. Next, 

the coverslips were washed three times with PBS and mounted onto microscope slides 

using ProLong™ Gold Antifade Mountant with DAPI (Thermo Fisher Scientific, UK). 

Images were acquired using ZEISS Axio Scope.A1 (Zeiss, UK) and cells were assessed 

for internalisation of fluorescence beads. The images were subsequently analysed using 

the software ImageJ. 

 

5.2.10 Statistical analysis  

All data were analysed as described previously in section 2.2.7. 
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5.3 Results 

 

5.3.1 Morphological changes in macrophages following particle exposure - the light 

microscopy examination 

J774A.1 cells were exposed to sub-lethal concentrations of layered silicate NMs, at 

different time points (2 – 24 hr) and morphological characteristics of J774A.1 cells were 

assessed using light microscopy and are presented in Figure 5.1, Figure 5.2 and Figure 

5.3. In addition, light microscopy examination was also used to verify the morphology of 

PBMC cells, following 24 hr of layered silicates exposure and are presented in Figure 

5.4. 

The light microscopic examination revealed that treatment of J774A.1 cells with layered 

silicate samples caused the formation of spherical vacuoles, indicated by black arrows 

(Figure 5.1 and Figure 5.2). Vacuole formation and vacuoles size distribution were both 

time and dose dependent. After short incubation times (2 or 4 hr) with layered silicates, 

many small size vacuoles were formed inside the cytoplasm, which over the 24 hr 

treatment time, in most cases, presumably fused together forming a huge, single vacuole, 

seen as phase lucent areas in cellular cytoplasm. The presence of big vacuoles was easily 

observed by light microscopy as they occupied a large proportion of the cell. In addition, 

the vacuole formation seemed to be associated with increased cell size, which was clearly 

observed over 24 hr treatment. The vacuoles were also easily identified in J774A.1 cells 

stained with Romanowsky stain, as seen in Figure 5.3. These vacuoles were absent in the 

control group without layered silicates, where cells had predominantly round, regular 

shape as seen in Figure 5.1 and Figure 5.3A.  

Furthermore, cytoplasmic vacuolisation was also observed in PBMC cells exposed to 

layered silicates as seen in Figure 5.4.  
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Figure 5.1 Light microscopic images of untreated (control) and J774A.1 cells exposed to different 

types of layered silicates. 

J774A.1 cells were exposed for to High F/Med Li and High F/Med Li washed (at 125 µg/ml), Low F/Med 

Li and Med F/High Li (at 31.3 µg/ml), at different time points (2 – 24 hr). Images were taken at 400x 

magnification. Black arrows indicate some vacuoles. 
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Figure 5.2 Light microscopic images of J774A.1 cells exposed to different types of layered silicates. 

J774A.1 cells were exposed to MMT and Na-F-Hectorite (at 15.6 µg/ml), sHca-1 (at 31.3 µg/ml), and No 

F/Med Li, No F/Low Li and No F/V low Li (at 250 µg/ml), at different time points (4 – 24 hr). Images were 

taken at 4000x magnification. Black arrows indicate some vacuoles.  
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Figure 5.3 Light microscopic images of untreated (control) and treated J774A.1 cells with different 

types of layered silicates. 

J774A.1 cells were untreated (control) or exposed to different type of layered silicates, for 24 hr, washed, 

fixed and dyed using Romanowsky stain.(A) control, (B) High F/Med Li (at 125 µg/ml), (C) High F/Med Li 

washed (at 125 µg/ml), (D) Med F/High Li (at 31.3 µg/ml), (E)  Low F/Med Li (at 31.3 µg/ml), (F) Na-F-

Hectorite (at 15.6 µg/ml), (G) No F/Med LI (at 125 µg/ml), (H) No F/Low LI (at 125 µg/ml), (I) No F/V 

low Li (at 125 µg/ml), (J) MMT at (15.6 µg/ml), (K) sHca-1 (at 15.6 µg/ml) and (L) DQ12 (at 62.5 µg/ml). 

Images were taken at 400x magnification. 
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Figure 5.4 Light microscopic images of untreated (control) and treated PBMC cells with different 

types of layered silicates. 

PBMC cells were untreated (control) or exposed to different type of layered silicates, for 24 hr, washed, 

fixed and dyed using Romanowsky stain. (A) control, (B) High F/Med Li (at 125 µg/ml), (C) Med F/High 

Li (at 31.3 µg/ml), (D)  Low F/Med Li (at 31.3 µg/ml), (E) No F/Low LI (at 125 µg/ml), (F) MMT at (15.6 

µg/ml), (G) sHca-1 (15.6 µg/ml),  (H) Na-F-Hectorite (at 15.6 µg/ml). Images were taken at 400x 

magnification. 

 

5.3.2 Cellular uptake and ultrastructural changes in macrophages following particle 

exposure - TEM examination 

TEM was utilised to investigate the cellular uptake, localisation of particles and 

ultrastructural changes in PBMC and J774A.1 cells following 24 hr exposure to No 

F/Low Li and sHca-1 samples, at a concentration of 125 and 31.3 µg/ml, respectively. 

The two samples were chosen as they represent SLS and NLS samples.  

As shown in Figure 5.5 and Figure 5.6, untreated PBMC and J774A.1 cells showed 

normal macrophage structure including integral membrane, a large nucleus, and 

preserved cytoplasmic organelles, such as mitochondria, ER, Golgi apparatus and 

appearance of ruffles on the cellular membrane. 
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When PBMC were exposed, to sample No F/Low Li different sizes of the electron-dense 

vesicles, enclosed by membrane were observed in the cytoplasm, as shown in Figure 5.7. 

At higher magnification, it was evident that vesicles were filled with No F/Low Li NMs 

as the size and shape (small fibre-like particles of size below 100 nm) of the vesicles 

content corresponded to those of the No F/Low Li sample, as shown in Figure 5.7D. 

Similarly, J774A.1 cells efficiently engulfed No F/Low Li NMs, which can be also clearly 

observed localised in membrane bound structures throughout the cell (Figure 5.8B, C and 

D). No No F/Low Li particles were observed free in the cytoplasm, although the small 

lateral dimension and thickness of sample No F/Low Li could potentially make it difficult 

to confirm this observation with confidence, and without further elemental analysis.  

In the case of sHca-1 exposure, both types of cells were able to internalise these particles 

and depending on the particle orientation they can be viewed as a few hundred nm sheets 

or as thin fibres with a thickness of around 1 nm (Figure 5.9D and Figure 5.10B). The 

intracellular distribution of sHca-1 was different when compared to No F/Low Li. SHca-

1 particles were observed in both the membrane bound vesicles (Figure 5.9C, 9D and 

Figure 5.10) and also free in the cytoplasm without a distinguishable membrane, as 

electron-dense, sheet-like structures, as shown in Figure 8A and 8B. 

The internalisation of sample No F/Low Li and sHca-1 was relatively high in both types 

of cells. Although no quantification method of uptake was adopted, visually each cell 

analysed in TEM images was positive for presence of particles and in some cases, 

particles occupied most of the cytoplasm, as seen in Figure 5.7 and Figure 5.9.  

Furthermore, layered silicates were found to interact with membrane ruffles, where 

enclosing and engulfing of particle was observed (Figure 5.11 and Figure 5.67B). 

Particles were not found in any other subcellular organelles such as mitochondria, nucleus 

or Golgi apparatus and no obvious signs of mitochondria or ER swelling was observed. 

The nuclei of layered silicates-exposed cells appeared morphologically similar to 

untreated macrophages, with no evidence of the compaction and condensation of 

chromatin, which is one of the hallmarks of apoptosis.  

The most striking observation, upon exposure to No F/Low Li and sHca-1 NMs, was the 

extensive structural abnormalities of cytoplasm, seen previously in light microscopy 

images (section 5.3.1), namely the formation of enormously large vacuoles, in J77A.1 

and also in PBMC cells. The vacuoles possessed low electron density and no presence of 
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other organelles was observed within these structures. The vacuoles occupied in some 

cases a large proportion of the cell and cells appeared swollen as seen in Figure 5.12.  

 

Figure 5.5 TEM images of untreated (control) PBMC cells. 

PBMC cells were exposed to medium only (control) and processed for TEM imaging. A scale bar is shown 

at the right corner at the bottom for each image. M: mitochondria, N: nucleus, ER: endoplasmic reticulum 

and GA: Golgi apparatus.  



 

157 

 

 

Figure 5.6 TEM images of untreated (control) J774A.1 cells. 

J774A.1 cells were exposed to medium only (control) and processed for TEM imaging. A scale bar is shown 

at the right corner at the bottom for each image. High magnification TEMs of the area in the red box 

illustrate intact cellular organelles; N: nucleus an M: mitochondria.  
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Figure 5.7 TEM images of PBMC exposed to No F/Med Li sample. 

PBMC cells were exposed to No F/Med Li at 125 µg/ml, for 24 hr, and processed for TEM imaging. A scale 

bar is shown at the right corner at the bottom for each image. High magnification TEMs of the area in the 

red box illustrate vesicles containing No F/Med Li particles. Red arrows indicate (B) interaction of 

particles with cell membrane and (D) membrane around No F/Med Li particles filled vesicles. 
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Figure 5.8 TEM images of J774A.1 cells exposed to No F/Med Li sample. 

J774A.1 cells were exposed to No F/Med Li at 125 µg/ml, for 24 hr, and processed for TEM imaging. A 

scale bar is shown at the right corner at the bottom for each image. High magnification TEMs of the area 

in the red box illustrate vesicles containing No F/Med Li particles. Red arrows indicate membrane around 

No F/Med Li particles filled vesicles.  
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Figure 5.9 TEM images of PBMC cells exposed to sHca-1 NMs. 

PBMC cells were exposed to sHca-1 at 31.3 µg/ml, for 24 hr, and processed for TEM imaging. A scale bar 

is shown at the right corner at the bottom for each image. High magnification TEMs of the area in the red 

box illustrate (B) sHca-1 particles present free in cytoplasm and (D) vesicles containing sHca-1 particles 

within membrane bound vesicles, indicated by red arrows. 
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Figure 5.10 TEM images of J774A.1 cells exposed to sHca-1. 

J774A.1 cells were exposed to sHca-1 at 31.3 µg/ml, for 24 hr, and processed for TEM imaging. A scale 

bar is shown at the right corner at the bottom for each image. High magnification TEMs of the area in the 

red box illustrate vesicles containing sHca-1 particles within membrane bound vesicles. 
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Figure 5.11 TEM images demonstrating sHca-1 particles interacting with cell membrane of J774A.1 

cells. 

J774A.1 cells were exposed to sHca-1 at 31.3 µg/ml, for 24 hr, and processed for TEM imaging. A scale 

bar is shown in the right corner at the bottom of each image. Red arrows indicate sHca-1 particles 

interacting with cell membrane.  
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Figure 5.12 TEM images demonstrating vacuole formation in J774A.1 and PBMC cells following No 

F/Low Li and sHca-1 exposure. 

J774A.1 and PBMC cells were exposed to sHca-1 and No F/ Low Li samples for 24 hr and processed for 

TEM imaging. (A) and (B) J774A.1 cells exposed to No F/Low Li, at 125 µg/ml; (C) and (D) J774A.1 cells 

exposed to sHca-1, at 31.3 µg/ml; (E) and (F) PBMC cells exposed to No F/Low Li, at 125 µg/ml; (G) and 

(H) PBMC cells exposed to sHca-1, at 31.3 µg/ml. A scale bar is shown in the right corner at the bottom 

of each image.  
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5.3.3 Interaction of cells with particles and morphological changes in macrophages– 

SEM examination 

SEM was utilised in order to investigate the morphology and surface interaction of the 

J774A.1 and PBMC cells following No F/Low Li and sHca-1 exposure.  

As shown in Figure 5.13A, untreated control exhibited normal macrophage morphology, 

characterised by a spherical shape with the cell membrane characterised by surface ruffles 

and lamellipodia (which are required for cell motility), as well as the presence of filopodia 

(which play crucial function in sensing, cell migration and cell-cell interaction).  

In contrast, following 24 hr exposure to No F/Low Li, a reduction of randomly distributed 

extensions on the cell surface and less cell spreading was visible (Figure 5.13C). 

Moreover, clear disruption of outer membrane architecture was observed. Most of the 

cells, revealed a pitted or sunken appearance, probably due to dehydrated vacuoles 

corresponding to the vacuoles seen by light microscopy (section 5.3.1) and TEM images 

(section 5.3.2) (Figure 5.13D).   

When PBMC were examined under SEM, the control group confirmed the spherical and 

round shape, with the presence of randomly distributed extensions on the Figure 5.14A. 

Cells treated with sample No F/Low Li particles did not exhibit any drastic changes in 

their morphology (Figure 5.14B). Most cells had round shape and the presence of 

lamellipodia and filopodia on cell surface was observed. In the case of sHca-1 exposure 

some outer architecture disruption was visible, where a number of cells were 

characterised by collapsed cell membrane as shown in Figure 5.14CIII, but to a lesser 

extend compared to that previously shown in J774A.1 cells.  The No F/Low Li and sHca-

1 particles were visible on the surface of cells as indicated by arrows in Figure 5.14B, C.  
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Figure 5.13 SEM images of control J774A.1 cells and exposed to layered silicates. 

J774A.1 cells were (A) untreated or exposed to (B) No F/Low Li (125 µg/ml) and (C) sHca-1 (31.3 µg/ml) 

for 24 h fixed, dehydrated, chemically dried and examined by SEM. A scale bar is shown at the bottom right 

corner of each image. Note different scale bar for each image.   
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Figure 5.14 SEM images of control PBMC cells and exposed to layered silicates. 

PBMC cells were (A) untreated or exposed to (B) No F/Low Li (125 µg/ml) and (C) sHca-1 (31.3 µg/ml) 

for 24 h fixed, dehydrated, chemically dried and examined by SEM. A scale bar is shown at the bottom right 

corner of each image. Note different scale bar for each image. Red arrows indicate some NMs on the 

surface of PBMC cells. 

 

5.3.4 Mitochondria, ER and acidic organelles staining in J774A.1 cells following 

layered silicate exposure 

To investigate the origin of vacuoles, J774A.1 cells were exposed to High F/Med Li 

sample, at 125 µg/ml, for 5 hr, in order to induce cytoplasmic vacuolisation and stained 

with dyes targeting cellular organelles. High F/Med Li sample was chosen as this material 

possessed relatively low toxicity and induced a fast rate of cytoplasmic vacuolisation in 

J774A.1 cells. 

To confirm whether vacuoles were derived from swollen mitochondria, J774A.1 cells 

were stained with the mitochondria specific fluorescent dye MitoTracker® Red CMXRos 

(red), which accumulates in active mitochondria, in combination with actin microfilament 

cytoskeleton fluorescent dye phalloidin (green) and fluorescent nucleus dye DAPI (blue) 

in order to examine by confocal microscopy. As seen in Figure 5.15 control cells 

displayed evenly distributed mitochondria, intact and dense cytoskeleton and preserved 

nucleus, without the presence of cytoplasmic vacuoles. By contrast, J774A.1 cells 
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exposed to High F/Med Li developed extensive cytoplasmic vacuolisation (Figure 5.15 

AIII and AIV). The vacuoles did not incorporate MitoTracker® Red CMXRos, suggesting 

that these vesicles did not originate from swollen mitochondria (Figure 5.15 CIII and CIV). 

Moreover, High F/Med Li exposure, in J774A.1, seemed to reduce cell membrane ruffles 

and impaired the cytoskeleton, characterised by decreased actin meshwork density 

(Figure 5.15 BIII and BIV).  

Furthermore, J774A.1 cells were examined for the colocalisation of vacuoles with ER, by 

staining cells with ER-specific dye, ER-Tracker Blue-White DPX (blue) and imaged by 

live fluorescent microscopy. Again, J774A.1 cells upon exposure to High F/Med Li were 

characterised by vacuoles formation as seen in bright field images, indicated by red 

arrows (Figure 5.16). Similarly, the vacuoles did not incorporate the ER-Tracker Blue-

White DPX indicating that these cytoplasmic vesicles were not derived from enlarged 

ER.   

In addition, LysoSensor Yellow/Blue DND160, was employed in the study to determine 

if the vacuoles upon exposure to High F/Med Li sample, in J774A.1, were of acidic pH. 

As shown in Figure 5.17 the vacuoles induced by High F/Med Li sample Figure 5.1 did 

not sequester and were separate from compartments stained by LysoSensor Yellow/Blue 

DND160, implying that these vesicles were not of acidic pH.  
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Figure 5.15 The vacuoles induced by layered silicate were not derived from mitochondria. 

J774A.1 cells were untreated (control) or exposed to High F/Med Li sample at 125 µg/ml, for 5 hr, stained 

with 100 nM MitoTracker® Red CMXRos, at 37 °C, 5% CO2, fixed, permeabilised, stained with 0.2 nM 

phalloidin for 30 min and finally mounted using DAPI mountant. Images were acquired using confocal 

microscope (Leica SP5 SMD laser scanning confocal microscope). (A) Bright-field image, (B) cytoskeleton 

stained by phalloidin (green), (C) mitochondria stained by MitoTracker® Red CMXRos(red), (D) nucleus 

stained by DAPI (blue) and (E) merged. A scale bar is shown at the bottom right corner of each image; 

scale bar: 5 µm. Red arrows indicate vacuoles.   
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Figure 5.16 The vacuoles induced by layered silicate were not derived from ER. 

J774A.1 cells were exposed to High F/Med Li sample at 125 µg/ml, for 5 hr, stained with 200 nM ER-

Tracker Blue-White DPX for 20 min, at 37 °C, 5% CO2, and imaged with live fluorescent microscope 

(Olympus Cell Excellence IX81 microscope), with excitation of 374 nm and emission 460 nm. (A, C and E) 

bright-field image, (B, D and F) ER stained by ER-Tracker Blue-White DPX (blue). A scale bar is shown 

at the bottom right corner of each image. Red arrows indicate vacuoles.   
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Figure 5.17 The vacuoles induced by layered silicate were not of acidic pH. 

J774A.1 cells were (A) untreated or exposed to (B) High F/Med Li sample at 125 µg/ml, for 5 hr, stained 

with 2.5 µM of LysoSensor™ Yellow/Blue DND-160 for 5 min, at 37°C, 5% and imaged with live 

fluorescent microscope (Olympus Cell Excellence IX81 microscope), with excitation of 384 nm and 

emission 540 nm. A scale bar is shown at the bottom right corner of each image. Red arrows indicate 

vacuoles. 

 

5.3.5 Inhibition of clathrin-independent endocytosis in J774A.1 cells using filipin III 

Filipin III was used to investigate if cytoplasmic vacuoles, upon exposure to layered 

silicates, were derived from clathrin-independent compartments. 

Before the inhibitory effect of filipin III was assessed, it was essential to determine the 

cytotoxicity of this compound in J774A.1 cells. In this way, it was possible to determine 

suitable sublethal concentrations of filipin III allowing potential inhibition of clathrin-

independent endocytosis. As presented in Figure 5.18 filipin III caused concentration 
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dependent toxicity and at concentrations above 1.5 µg/ml filipin III resulted in high levels 

of cell death (nearly 100% cell death). Therefore, the inhibitory study was carried out by 

pre-incubating J774A.1 cells with three different sub-lethal concentrations of filipin III 

(1.5, 0.75 and 0.38 µg/ml) prior to addition of sample High F/Med Li, at 125 µg/ml, for 

5 hr. Subsequently, cells were analysed by light microscopy for any morphological 

changes.  
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Figure 5.18 Cytotoxic effects of filipin III on J774A.1 cells. 

J774A.1 cells were incubated for 30 min with a range of different concentrations of filipin III and 

cytotoxicity was assessed using Alamar blue assay, following 5 hr post treatment. Values represent the 

mean ± SEM (n = 2).  

 

As shown in Figure 5.19, filipin III, regardless of the concentration used, did not decrease 

the formation of vacuoles upon exposure to sample High F/Med Li. In fact, the extent of 

cytoplasmic vacuolisation in J774A.1 cells pre-treated with filipin III was of similar level 

seen in the absence of inhibitor (Figure 5.19C). Additionally, by comparing Figure 5.19A 

and Figure 5.19B it was found that filipin III did not show any effect on cellular 

morphology in J774A.1 cells; similar to control cells filipin III pre-treated J774A.1 cells 

possessed spherical shape and were lacking in cytoplasmic vacuolisation.  
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Figure 5.19 Light microscopic morphology of J774A.1 cells following inhibition of clathrin-

independent endocytosis. 

J774A.1 cells were (A) untreated, (B) pre-incubated with 1.5 µg/ml of filipin III for 30 min, followed by 5 

hr incubation, (C) exposed to High F/Med Li sample at 125 µg/ml, for 5 hr,( D) pre-incubated with 1.5 

µg/ml of filipin III, for 30 min, followed by exposure to High F/Med Li sample, at 125 µg/ml, for 5 hr, (E) 

pre-incubated with 0.75 µg/ml of filipin III, for 30 min, followed by exposure to High F/Med Li sample, at 

125 µg/ml, for 5 hr; (F) J774A.1 cells pre-incubated with 0.375 µg/ml of filipin III, for 30 min, followed by 

exposure to High F/Med Li sample, at 125 µg/ml, for 5 hr. Black arrows indicate some of vacuoles.  
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Furthermore, fluorescently labelled polystyrene particles of 750 nm were used as control 

particles to demonstrate the inhibition of clathrin-independent endocytosis in J774A.1 

cells by filipin III.  

Filipin III was very effective in reducing the uptake of fluorescently labelled polystyrene 

beads. As seen in Figure 5.20CII and DII, almost no particles were internalised by the cells 

treated with 750 nm polystyrene beads when clathrin-independent endocytosis uptake 

pathway was inhibited by filipin III.  
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Figure 5.20 Filipin III inhibited an uptake of fluorescently labelled polystyrene particles of 750 nm, 

in J774A.1 cells. 

J774A.1 cells were incubated in the absence (control; top four images) or in presence of 1.5 µg/ml of filipin 

III (bottom four images), and exposed to 20 µg/ml of fluorescently labelled polystyrene particles of 750 nm, 

for 1 hr, washed, fixed and finally mounted using DAPI mountant. Images were acquired using fluorescent 

microscope (using ZEISS Axio Scope.A1). (A) Bright-field image, (B) nucleus stained by DAPI (blue) (C) 

fluorescently labelled polystyrene particles (green), (C) merged. A scale bar is shown at the bottom right 

corner of each image; scale bar: 20 µm. 
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5.4 Discussion  

 

5.4.1 Overview of results 

The focus of this chapter was on cellular uptake and morphological changes associated 

with the layered silicate NM exposure, using macrophage in vitro models of J774A.1 and 

PBMC.  

Light microscopy examination revealed that all tested layered silicate NMs induced 

extensive cytoplasmic vacuolisation in J774A.1 and PBMC.   

TEM was utilised to assess cells for the particle uptake and intracellular changes 

associated with layered silicates treatment. TEM micrographs showed efficient 

internalisation of sample sHca-1 and No F/Low Li by J774A.1 and PBMC. Sample No 

F/Low Li was found in membrane enclosed vesicles, whereas sHca-1 particles also 

appeared to be free in the cytoplasm. Moreover, TEM micrographs confirmed the 

extensive cellular vacuolisation seen previously by light microscopy.  

Following this, SEM was employed to investigate interaction of particles with cells and 

morphological changes in J774A.1 and PBMC cells, upon exposure to layered silicates. 

SEM showed collapsed cell membrane in both types of cells, upon exposure to sHca-1 

and No F/Low Li particles. This effect however was more pronounced for J774A.1 cells. 

The collapsed cell membrane is more likely an artefact due to dehydration of large 

vacuoles, during SEM sample preparation. 

Further study using live fluorescent imaging showed that the vacuoles induced by High 

F/Med Li sample did not possess an acidic pH as measured by LysoSensor Yellow/Blue 

DND160, and were not derived from swollen ER, as they did not incorporate ER-Tracker 

Blue-White DPX. Furthermore, High F/Med Li-induced vacuoles, in J774A.1 cells, 

showed no overlap with cellular compartments stained with MitoTracker® Red 

CMXRos, a mitochondria marker, indicating that they did not originate from enlarged 

mitochondria.  

The clathrin-independent endocytosis inhibitor, filipin III, did not supress the formation 

of cytoplasmic vacuolisation induced by High F/Med Li, therefore precluding that the 

vacuoles were formed through macropinocytosis. The inhibitory effect of filipin III was 
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verified by monitoring the internalisation of 700 nm fluorescence beads by J774A.1 cells 

and filipin III has shown to effectively diminish internalisation of these particles.  

 

5.4.2 Uptake and morphological changes in J774A.1 and PBMC upon exposure to 

layered silicate NMs 

TEM images were visually inspected for the presence of particles within the cells and 

ultrastructural changes upon exposure to particles. As expected, TEM analysis confirmed 

efficient uptake of No F/Low Li and sHca1 particles by J774A.1 and PBMC cells, due to 

the highly phagocytic nature of these cells. Our results confirmed previous studies, in 

which layered silicates were shown to be internalised by several different cell types, 

including macrophages (Connolly et al., 2019; work performed in the same labolatory), 

liver epithelial cells (Maisanaba et al., 2013c) or lung epithelial cells (Janer et al., 

2014;Verma et al.,  2012). The examination of layered silicate uptake was made only by 

visually assessing the presence of particles inside cells, but it was clear that sheet- or 

fibre-like morphology seen in TEM micrographs, correspond to the layered silicates 

particles. However, to further confirm the layered silicates internalisation within the cells, 

energy-dispersive X-ray spectroscopy (EDX) analysis coupled with TEM could be 

employed for detailed examination of the chemical composition of these visible particles.  

Interestingly, sample No F/Low Li was only found in membrane enclosed vesicles, 

whereas sample sHca-1 appeared to be both present free in the cytoplasm as well as 

confined within the membrane structures. Even though the investigation of entry 

mechanism was not part of this study, it can be hypothesised that these two types of 

particles entered the cells possibly through different uptake mechanism, or that the SHCa-

1 can escape the membrane bound vesicles following internalisation (Reid et al., 2019). 

The presence of particles in membrane bound vesicles suggest internalisation via a 

membrane invagination process. Indeed, TEM micrographs confirmed interaction 

between plasma membrane ruffles and layered silicates particles, where enclosing and 

engulfing of particle was observed. By contrast, the presence of sHca-1 particles free in 

cytoplasm may indicate either a passive mode of cell entry via direct translocation through 

the plasma membrane, which has been previously suggested for carbon nanotubes 

(Lacerda et al., 2012) and graphene (Russier et al., 2013; Lia et al., 2013). To date, there 

have been only few studies reporting the mechanism of layered silicate uptake. Mortimer 

and co-workers demonstrated that the internalisation, in THP-1 cells, of 85 nm synthetic 
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layered silicate NM (lithium magnesium sodium silicate), similar to No F/Low Li sample, 

was governed by scavenger receptor-mediated endocytosis and the presence of albumin 

on the particle surface was essential for this uptake (Mortimer et al., 2014). This was 

further confirmed using fluoromica NMs of size 220 and 90 nm, in both THP-1 and RAW 

cells, where similarly particles entered cells through scavenger receptor mediated 

phagocytosis (Tee et al., 2015).  

Our results could suggest that internalisation of sHca-1 particles may occur by the 

combination of both active and passive mechanisms or escape from endosome following 

internalisation. However, further studies are essential to confirm this hypothesis and 

could include uptake of silicates at low temperature, in which the energy dependent 

uptake is blocked, favouring passive uptake.  

Although great effort was made to include representative images, it is important to 

acknowledge the limitation of TEM analysis. Firstly, TEM suffers from limited sampling, 

so that the selected area for imaging may not reflect the entire sample and it may be 

possible that cells with free No F/Low Li particles in cytoplasm were present but not 

captured by TEM. Secondly, preference for electron-dense atomic species by TEM may 

have missed the individual, low electron–dense particles in cellular cytoplasm. 

Furthermore, staining of membranes may not be perfect, preventing identification of 

membranes around particles within the cytoplasm, while sectioning may drag particles 

(drag effect) through the specimen, accidentally depositing samples in different cellular 

compartments, leading to an artefact.  

Interestingly, TEM, light microscopy and SEM analysis all showed formation of vacuoles 

upon exposure to sHca-1 and sample No F/Low Li, representing synthetic and natural 

silicates. This featured alteration was uniformly found both in J774A.1 and PBMC cells. 

The appearance of vacuoles was time and concentration dependent, as observed by light 

microscopy images. TEM micrographs displayed that vacuoles possessed low electron 

density, whereas SEM images clearly demonstrated collapsed membrane of layered 

silicates-treated cells, probably due to the loss of membrane cytoskeleton network as a 

result of vacuolisation, which was further confirmed by confocal microscopy. It is 

important to add, however that the collapsed membrane seen in SEM images appeared to 

be to lower degree in PBMC cells, suggesting lower susceptibility of these cells towards 

layered silicates exposure. Furthermore, even in cells with a high degree of cytoplasmic 

vacuolisation no hallmarks of apoptosis were observed. Layered silicate- exposed cells, 
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similar to control, possessed diffuse chromatin and the nuclear membrane appeared intact, 

with no signs of cell shrinkage at the concentrations and time points investigated. In 

addition, the cytoplasmic vacuolisation observed in response to some samples (No F/Low 

Li, No F/V low Li) was not associated with cytotoxicity, oxidative stress or inflammatory 

responses (as described in previous chapters) suggesting that this morphological changes 

had no impact on the overall toxicity . 

The cytoplasmic vacuolisation observed in this study, to the best of our knowledge, is the 

first reported in response to layered silicates NMs. However, a number of studies reported 

similar morphological alteration upon exposure to other types of NMs including graphene 

(Wu et al., 2015) and sheet-type tytania (Park et al., 2014), small molecules (Overmeyer 

et al., 2011a) or bacteria (Papini et al., 1993). However, previously layered silicates have 

been reported to alter cellular morphologies. MMT treatment caused changes in the 

cellular shape of lung epithelial cells which were more stretched and thinner compared to 

control (Wagner et al., 2017b).  

To determine if the contents of the large vacuoles in the cells treated with layered silicate 

were acidic, live J774A.1 cells were stained with LysoSensor Yellow/Blue DND160, 

displaying yellow fluorescence when it is protonated and sequestered in acidic 

compartments like lysosomes and autolysosomes. High F/Med Li particles were chosen 

as this sample exhibited relatively low toxicity and a relatively fast rate of vacuole 

formation in J774A.1 cells. After 5 hr of treatment with High F/Med Li particles visible 

vacuoles were present, however the vacuoles did not sequester LysoSensor Yellow/Blue 

DND160. This indicates that these compartments were not of acidic pH, therefore 

suggesting they were neither lysosomes nor autolysosomes. Moreover, TEM images 

showed that the vacuoles did not have a visible and distinguishable double-layered 

membrane, further suggesting that they were not lysosomes or autolysosomes.  

As reported in the literature, the stability of a synthetic layered silicate dispersion is 

strongly affected by pH (Thompson & Butterworth, 1992). Specifically, in the presence 

of hydronium ions (H3O
+), synthetic layered silicates particles are subject to a reaction, 

which leads to release of aqueous silica, sodium, magnesium and lithium ions (Mohanty 

& Joshi, 2016; Jatav & Joshi, 2014). Thus, internalisation of layered silicate into the 

acidic environment of a cell, such as lysosomes (pH 4 - 5), could results in dissolution of 

ions from particles, resulting in osmotic swelling of the lysosomes and/or alkalinisation 

of the lysosomal lumen. The increased lysosomal osmolarity induces water influx, which 
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as a consequence could expand these vesicles compromising their function. These 

findings were reported in several studies, although not related to layered silicates (Xu & 

Ren, 2015;  Bandyopadhyay et al., 2014). In our study, the majority of vacuoles were 

characterised by very low electron density (observed by TEM), which may be explained 

by dissolution of layered silicates particles and water influx to the lysosomal lumen. As 

mentioned before, the pH of vacuoles, using LysoSensor Yellow/Blue DND160, was 

assessed in this study only at one time point (5 hr following particle exposure), but the 

results suggested they were not acidic. However, it can be speculated that the uptake of 

layered silicates particles, by J774A.1 cells, to lysosomes resulted in 

alkalinisation/neutralisation of these compartments. This, in consequence could have 

prevented localisation of LysoSensor Yellow/Blue DND160. To assess this, future studies 

could include the assessment of dissolution of particles in the acidic phagolysosomal 

simulant fluid (concentrations of ions released into the fluid), which mimics the 

phagolysosomal compartment of macrophages. In addition, cellular uptake of not fully 

exfoliated layered silicate NMs may cause water adsorption on particle surface, their 

swelling and release of interlayer cations. The migration of counter ions in turn lead to 

disturbance of osmolarity balance, within the cell, and further water influx, thus 

expanding the vesicles where particles are present. This hypothesis, however, is difficult 

to justify for well dispersed samples, such as No F/Med Li, for which the H2O-equilibrium 

was achieved.  

The extensive cellular vacuolisation, similar to those observed in this study, where 

vacuoles do not possess acidic pH, has been reported to be associated with methuosis 

(Maltese & Overmeyer, 2014). Methuosis is a form of non-apoptotic cell death caused by 

alteration of the endocytic pathway, called macropinocytosis, by which cells internalise 

extracellular fluid, nutrients and proteins (Maltese & Overmeyer, 2014). Cells incorporate 

extracellular components in plasma membrane derived vehicles, macropinosomes, which 

enter the endocytic pathway by either recycling the content back to the cell membrane, or 

maturing and finally fusing with lysosomes, where the content can be degraded (Lim & 

Gleeson, 2011). During methuosis, macropinosomes do not fuse with vesicles of the 

endocytic pathway and do not recirculate to the cell membrane. In contrast, 

macropinosomes retained in cytoplasm, fuse with each other forming progressively larger 

fluid-filled cytoplasmic vacuoles in the cytoplasm and consequently leading to cell 

rupture (Shubin et al., 2016). 
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To further investigate, whether the vacuole formation, in response to layered silicates was 

associated with methuosis, an inhibitor of micropinocytosis was used. It has been 

demonstrated that macropinocytosis, as a clathrin-independent endocytosis process, 

depends on the integrity of cholesterol in the plasma membrane (Grimmer et al., 2002). 

By binding and separating cholesterol from the cell membrane, using the cholesterol 

binding agent filipin III, it is possible to selectively constrain clathrin-independent 

endocytosis (including macropinocytosis), while leaving clathrin-dependent receptor 

mediated endocytosis unaffected (Dutta & Donaldson, 2012; Overmeyer et al., 2011b). 

Therefore, it was expected that if vacuole formation in layered silicate-treated J774A.1 

cells was governed by macropinocytosis, filipin III would inhibit extensive cytoplasmic 

vacuolisation.  

Surprisingly, pre-incubating J774A.1 cells with a range of different concentrations of 

filipin III did not inhibit vacuole formation upon exposure to High F/Med Li sample. 

Using light microscopy, it was evident that High F/Med Li-treated cells were 

characterised by a morphological response seen previously, namely formation of phase-

lucent vacuoles. This raised the question whether filipin III was an effective inhibitor of 

clathrin-independent endocytosis in J774A.1 cells. To address this, J774A.1 cells were 

incubated with 750 nm fluorescence beads in the presence and absence of filipin III. 

While size-dependence of particles has been shown to affect endocytic pathways in 

previous studies (Champion et al., 2008), it was expected that 750 nm fluorescence beads 

would be efficiently taken up via clathrin-independent endocytosis (phagocytosis) and 

pre-incubating J774A.1 cells with filipin III would inhibit internalisation of beads of this 

size. Indeed, pre-treatment with filipin III effectively avoided uptake of 750 nm beads, 

while cells in the absence of filipin III readily internalised these particles. Thus, these 

results suggest that filipin III was able to effectively impair clathrin-independent 

endocytosis in J774A.1 cells.  

Taken together, the inhibitory data suggest that vacuoles, upon exposure to High F/Med 

Li, were not derived from clathrin-independent compartments such as macropinosomes, 

therefore the cytoplasmic vacuolisation was not governed by methuosis. Moreover, these 

results may also indicate that alternative uptake pathways to clathrin-independent 

endocytosis may dominate for High F/Med Li sample. However, further studies are 

needed to confirm this. It is also essential to mention that the inhibitory effect of filipin III 



 

184 

 

was only assessed by microscopy methods and for further studies a quantitative approach, 

such as flow cytometry, would be essential to complement the qualitative results.  

Vacuolisation in the cytoplasm is a typical morphological feature of paraptosis, an 

alternative, non-apoptotic form of programmed cell death, introduced first by Sperandio 

and co-workers in 2000 (Sperandio et al., 2000). This mode of cell death lacks the 

apoptotic features such as caspase activation and so cannot be avoided by using caspase 

inhibitors. Cells undergoing paraptosis are characterised by extensive cytoplasmic 

vacuolisation, which begins with progressive swelling of mitochondria and/or the ER 

which fuse together, consequently forming larger vacuoles within cytoplasm (Wang et 

al., 2012). The swelling of ER is caused due to failure in proteasomal machinery, which 

leads to over accumulation of misfolded proteins and increased osmotic pressure within 

these compartments (Yoon et al., 2014).  

The results in this thesis indicate that vacuoles originated neither from ER nor from 

mitochondria. Live cell imaging of the phase-lucent vacuoles induced by High F/Med Li 

sample showed no overlap with live cell stains, ER-Tracker™ Blue-White DPX (staining 

ER) and MitoTracker® Red CMXRos (staining mitochondria). The latter was further 

confirmed by confocal microscopy, where again vacuoles were separate from stained 

mitochondria by MitoTracker® Red CMXRos. Thus, these data suggest that cytoplasmic 

vacuolisation in J774A.1 cells was not an effect of paraptosis.  

In addition, interestingly cytoplasmic vacuolisation, in both types of macrophages, was 

observed in response to all tested layered silicate NMs, irrespective of their 

physicochemical properties. This suggest that neither size nor fluoride/lithium content 

influenced this morphological alteration.  

 

5.5 Conclusions  

In this chapter J774A.1 and PBMC cells, as hypothesised, demonstrated effective uptake 

of layered silicate NMs and the exposure resulted in formation of the cytoplasmic 

vacuoles, seen by different microscopic techniques.  

Obtained data indicated that the vacuoles were not derived from enlarged mitochondria, 

ER or macropinosomes. In addition, the extensive vacuolisation was not avoided by 

inhibition of clathrin-independent endocytosis. Thus, the results provided evidence, 
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against the initial hypothesis, that this morphological phenomenon, upon exposure to 

layered silicate NMs, was not induced via the non-apoptotic cell death mechanisms of 

methuosis and paraptosis.  
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Chapter 6. Summary 
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6.1  Overview of outcomes  

 

The main aim of the presented PhD research project was to assess the hazard of layered 

silicate NMs and physicochemical factors responsible for their toxicity in vitro. It was 

hypothesised that layered silicate NMs would cause toxicity mediated by pro-

inflammatory driven responses and induction of oxidative stress and affect the cellular 

morphology. In addition, it was expected that the physicochemical characteristics of the 

layered silicate NMs would influence their toxicity. A general summary of obtained 

results, in this thesis, is shown in Table 6.1. 

The results obtained in Chapter 2 confirmed the hypothesis that layered silicate NMs have 

the potential to produce toxic effects in vitro and that the toxicity potential varied greatly 

depending on the type of particles. Based on cytotoxicity results, obtained in J774A.1 

cells, samples were divided into: relative high toxicity samples consisting of Na-F-

Hectorite, Med F/high Li and MMT; intermediate toxicity samples: Low F/Med Li, sHca-

1 and DQ12; relative low toxicity samples: No F/Med Li, High F/Med Li and High F/Med 

Li washed; and non-toxic samples: No F/Low Li and No F/V Low Li. PBMC cells were 

less susceptible to the cytotoxicity of layered silicate samples and according to the data 

obtained particles were grouped into: relative high toxicity samples comprising Na-F-

Hectorite, MMT, Med F/High Li; intermediate toxicity samples comprising DQ12, sHca-

1 and Low F/Med Li; and non-toxic samples comprising No F/Med Li, High F/Med Li, 

High F/Med Li washed, No F/Low Li and No F/Low Li.  

The exposure of J774A.1 and PBMC cells to layered silicate NMs demonstrated, in 

Chapter 5, effective uptake that resulted in a reduction of membrane protrusions and 

changes in cells normal morphology. Interestingly, layered silicate exposed cells were 

characterised by extensive cytoplasmic vacuolisation. This morphological phenomenon 

was not mediated via the non-apoptotic cell death mechanisms of methuosis and 

paraptosis, and the exact mechanism still needs to be understood, with several hypothesis 

and future studies to confirm them provided in section 5.4.2. Nevertheless, these 

morphological alterations can potentially have an adverse effect on macrophage motility, 

adherence and phagocytic abilities. This can lead to impairment of macrophage immune 

functions, which in an in vivo scenario can have potentially detrimental effects by 

decreasing particle and pathogen clearance from the lung. Thus, for future experiments, 

it will be interesting to assess, in vitro chemotactic and phagocytic activity of 
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macrophages exposed to layered silicate NMs. Interestingly, it was found that the 

extensive uptake of the No F/Med Li sample did not result in enhanced cytotoxicity, pro-

inflammatory and oxidative stress responses, suggesting that internalisation of this 

sample has no impact on overall toxicity. In addition, using light microscopy it was found 

that cytoplasmic vacuolisation was observed in response to all tested layered silicate 

NMs, which suggest that this morphological alteration is formed irrespective of the 

physicochemical properties of the materials.  

Based on results obtained in Chapter 3 it was demonstrated that some of the studied 

particles induced pro-inflammatory responses. The most pronounced effect in terms of 

TNF-α secretion in J774A.1 cells was observed for Na-F-Hectorite, MMT, sHca-1, Med 

F/High Li and Low F/ Med Li, which was consistent with mRNA expression for MIP-2, 

TNF-α and MCP-1 mRNAs as well as for cytotoxicity data. Also, the data for secretion 

of TNF-α in PBMC cells provided evidence of higher immunogenicity of samples Na-F-

Hectorite, MMT, sHca-1 and Med F/High Li. In addition, IL-8 was significantly elevated 

in PBMC cells, in response to Na-F-Hectorite, MMT and sHca-1 samples, highlighting 

again their inflammatory potential. The remaining particles did not induce (No F/V Low 

Li) or induced relatively lower TNF-α release by J774A.1 cells (No F/Me Li, No F/Low 

Li, High F/Med Li and High F/Med Li washed). This was also consistent with low levels 

of expression of MIP-2, TNF-α and MCP-1 genes and relatively low cytotoxicity. The 

lower inflamogenic potency of these samples was also evident in PBMC where no TNF-

α and IL-8 secretion was observed, and also no or very little cytotoxicity was reported.  

The DCFH-DA assay provided evidence that Med F/High Li, Low F/Med Li, Na-F-

Hectorite, MMT and sHca-1 samples were able, to some extent, to induce oxidative 

effects, in J774A.1 cells, as described in Chapter 4. These samples induced small yet 

significant amount of ROS but only at the highest concentration tested (31.3 µg/ml). 

Furthermore, in an acellular condition none of the tested samples increased ROS 

production, indicating lack of their intrinsic ability to produce ROS. Interestingly, the 

measurement of acellular ROS demonstrated that No F/Med Li and No F/V low Li 

particles were able, in fact, to lower the DCF fluorescence, which may indicate some 

levels of interference with the DCFH-DA assay. However, for these samples the 

decreased levels of DCF fluorescence was not associated with the ability to quench the 

fluorescence of DCF. These results would require further investigation, whether tested 

sample adsorbs assay compounds ((DCFH-DA) probe) to their surfaces, and thus limiting 
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its access to produced ROS. The low or no induction of oxidative responses by tested 

particles while having high inflammogenic potential, in J774A.1 cells, was highly 

surprising as these two mechanisms are known to be intimately linked. Thus, it would be 

of great benefit to investigate complementary indicators of the oxidative state in the cell, 

such as detection of O−
2 by the cytochrome C reduction assay or the levels of antioxidants 

(such as GSH), which could give a wider picture on oxidative potency of layered silicate 

NMs. In addition, the effects of the pre-treatment of J774A.1 cells with an external 

antioxidant can be used to observe whether this prevents oxidative stress in response to 

layered silicate NMs.   

 

Table 6.1 Heat map summarizing physicochemical properties of tested particles and their toxicity. 

Heat map summarizing physicochemical properties of tested particles and whether endotoxin 

contamination was present (A). The relative difference between each characteristic for each particle are 

colour coded, according to the legend provided below table A, heat map summarizing the LOEC values 

obtained for each endpoint tested, according to the legend provided below table B, and whether cytoplasmic 

vacuolisation was observed (B).  
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6.2  Comparison of in vitro models used in the study 

 

In this study two different macrophage models were used: J774A.1 murine cell line and 

PBMC. PBMC cells were included in the study as they more closely resemble human in 

vivo responses and can provide valuable validation of obtained results with rodent cell 

line. However, since NM-induced effects can vary in cells retrieved from different 

species, inclusion of cells of human origin in the presented study was also necessary.  

The cytotoxicity data, TNF-α secretion and changes in cellular morphology indicated that 

PBMC cells were less responsive to tested particles compared to J774A.1 cell line. This 

was apparent in particular when comparing TNF-α secretion, with certain samples (Na-

F-Hectorite) inducing approximately a 50-fold increase in TNF-α in J774A.1 compared 

to a 3.5-fold increase in PBMC cells, at equivalent concentrations. The differences in the 

sensitivity can be explained by a number of reasons: cells were derived from different 

species (human vs mouse), different media were implemented (Iscove vs RPMI medium) 

as well as different types of serum (HI serum vs donor’s serum). Furthermore, the results 

obtained using primary cells were characterised by a high degree of variability, 

highlighting the importance related to donor specific responses. In the presented study 

the monocytes were obtained from a limited cohort, of approximately five donors, 

therefore further studies should be performed using a larger cohort of donors. In addition, 

isolation of primary cells using Percoll gradient was experimentally challenging; the 

process was time consuming, the yield of isolation differed from batch to batch, and 

overall, only a small number of monocytes was harvested per donor blood sample. 

Isolated monocytes were only monitored morphologically for differentiation and for 

future experiments it is highly recommended to characterise differentiated cells by the 

expression of, for example, CD14, which is typical markers for mature macrophages.  

Despite lower sensitivity and higher variability, the overall trends and rankings were 

found to be rather similar and consistent in the two model systems, giving confidence in 

results obtained with J774A.1 cells. However, for relatively lower toxicity particles (High 

F/Med Li, No F/Med Li, No F/Low Li and No F/V low Li) the primary cells appeared to 

lack the level of sensitivity required to provide any detectable differences.  

Overall, J77A.1 cell line was found to be a useful model for hazard assessment of layered 

silicates NMs. J774A.1 have the potential to be utilised in an initial toxicity screen for 
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these types of NMs enabling hazard assessment of a large number of samples over a range 

of different concentrations and identification of variety of different toxicity endpoints. 

Such an approach would allow users to prioritise particles and endpoints for further 

toxicity screening, in which more sophisticated in vitro systems or in vivo models could 

be used to help to predict more reliably the pulmonary effects observed in humans. 

The in vitro studies that were conducted in this research project, although they are 

relatively cheap and easy to perform, have several drawbacks such as no communication 

with other types of cells compared to cells in tissue. Furthermore, in vitro models provide 

a limited possibility of predicting more complex biological responses and also cannot 

indicate the biological importance of particle biopersistence. Long-term exposure of low 

solubility and therefore high biopersistant particles is associated with the development of 

certain pathogenic responses, in the lung or pleura, such as lung fibrosis or cancer 

(malignant mesothelioma). On the other hand, dissolution of particles may lead to 

releasing of soluble species that may exert acute toxic effects. Thus, the interpretation of 

in vitro results obtained in this thesis with respect to possible effects in in vivo pulmonary 

toxicity needed to be carefully assessed. Although statistical significance in response to 

some layered silicate NMs was achieved, in respect to observed cytotoxicity, pro-

inflammatory responses and oxidative stress, this does not automatically imply an adverse 

effect in vivo. These adverse outcomes are regarded as detrimental when they persist for 

longer periods. Animal models are more predictive of responses observed in humans 

when exposed to NMs, however, currently there is a strong drive to align hazard 

assessment of NMs with the 3Rs principles with the goal to replace, reduce and refine 

animal testing. For future work on other types of layered silicates NMs, it is recommended 

to use the existing in vivo toxicity data to perform in vitro to in vivo extrapolations, in 

order to determine whether models applied in this thesis can predict the in vivo response 

of tested NMs. As such, rodent cell line, used in presented study, might offer great benefit 

when a comparison with the results obtained with rodent animals is made.  

 

6.3  Physicochemical factors influencing layered silicate NMs toxicity 

To assess physicochemical factors responsible for layered silicate NMs toxicity, 

morphologically and compositionally distinct layered silicates samples were included in 

this study. SLS samples were used to assess the impact of lithium and fluoride content, 

as well as size/surface area, on biological responses. In addition, two naturally occurring 



 

192 

 

layered silicate samples were also included in this study to enable comparison between 

synthetic and natural silicates. However, it is important to mention that SLS samples 

(sample High F/Med Li, High F/Med Li washed, Med F/High Li, Low F/Med Li and Na-

F-Hectorite), which originally were designed to assess the impact of fluoride content on 

particle toxicity, varied also in other characteristics, such as size, surface area and lithium 

content. As a consequence, it was very difficult to assess the impact of a specific variable 

on the sample toxicity. Similarly, particles No F/Med Li, No F/Low Li and No F/V low 

Li, which were used to assess the impact of lithium content on the toxicity, were found to 

differ in terms of size/surface area. A number of methods were used to characterise 

layered silicate NMs. DLS and BET analysis allowed ranking of particles according to 

their hydrodynamic diameter and surface area. SEM and TEM were also utilised, however 

the data acquired was of limited use in characterisation of size and surface morphology. 

AFM was found to be the most efficient direct method that enabled measurement of clay 

platelet lateral dimension as well as thickness. 

There was no relationship observed between lithium and fluoride content in SLS particles 

and their impact on cytotoxicity, pro-inflammatory responses, oxidative stress and 

morphological changes in in vitro models. The lithium content in the studied SLS varied 

from 0.013 – 1.7 wt%, however in majority of the samples (6 out of 8) it ranged from 0.3 

– 0.7 wt%.The amount of lithium present as well as the variance in lithium content may 

not have been sufficient to observe an effect and difference between tested samples. The 

study of the impact of the fluoride content in the samples on the toxicity indicated for 

majority of particles, containing fluoride in their chemical composition, a reversed effect, 

whereby samples with lower fluoride content caused greater toxicity. Importantly, the 

increased toxicity for Med F/High Li and Low F/Med Li particles, compare to the higher 

fluoride counterparts samples (High F/Med Li and High F/Med Li washed), was most 

likely attributed to the presence of bacterial contamination. Thus, it is essential, for further 

experiments, to include samples prepared under conditions in which endotoxin 

contamination is not present, as this will allow assessment of the effect of NM 

characteristics, including their chemical composition, from the effect caused by the 

presence of contaminates. In addition, it must be stated that the actual concentration of 

lithium and fluoride in the medium was unknown and there may have been sample-

dependent variance in the release of these ions in cell culture medium suspension. As 

such it would be of great benefit to assess the amount of fluoride and lithium released to 

the medium from layered silicate NMs and evaluate their exact concentration at which 
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the cells are exposed. In addition, significant accumulation of layered silicate NMs in 

vesicles of low pH, such as lysosomes, and subsequent release of lithium and fluoride 

ions may lead to substantial local concentrations of these ions. Therefore, in the future 

concentrations of released ions could be assessed in acidic fluid, which mimics the 

phagolysosomal compartment of macrophages. This is particularly important as in acidic 

solutions, such as those of the lysosomes, fluoride forms HF. The HF is able to penetrate 

cell membranes much faster than the dissociated fluoride ion, resulting in more 

pronounced toxicity.  

The toxic potency of tested samples appeared to be dependent on particles size, and in 

disagreement with much of research in nanotoxicology, with the platelet of larger 

dimension and lower surface area per unit mass being more potent than the smaller 

platelet with higher surface area. The smallest particles, No F/ Med Li, No F/Low Li and 

No F/V low Li, were repeatedly found to be either non-toxic or only very weakly toxic. 

Accordingly, samples of bigger size Na-F-Hectorite, MMT and sHca-1 were strongly 

cytotoxic, inflammogenic and were able to induce ROS production in in vitro models. In 

order to better understand the dependence of toxic potency on the particle size of studied 

samples further research should be conducted. By comparing layered silicates of different 

lateral dimensions but derived from the same material the relationship between 

size/surface area and toxicity could be assessed. In addition, the increased toxic potential 

of Na-F-Hectorite, MMT, sHca-1 and Med F/High Li samples may have been also 

attributed to the agglomeration and accompanied sedimentation behaviour in the cell 

culture medium, which resulted in increased bioavailability to the macrophages. 

Therefore, for future experiments it would also be beneficial to assess quantitative 

sedimentation using UV-Vis-NIR spectrophotometry or DLS.  

 

6.4 Final conclusions 

Overall, the obtained results highlighted that layered silicate NMs had different 

toxicological profiles with some of them exhibiting none, relatively low, medium or high 

in vitro toxicity.  The layered silicates that exhibited relatively high toxicity also exhibited 

inflammatory responses and induction of intracellular ROS. This suggest that 

toxicological properties of a specific layered silicate NM should be investigated on an 

individual basis.  
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The toxicological data, obtained in this study, provide preliminary insight into pulmonary 

toxicological effects and suggest that some of the layered silicate NMs are potentially 

hazardous to humans and safety measures should be taken to limit exposure during their 

handling in workplace and consumer-related settings.  
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