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1.1 Abstract 

Natural Layered Silicates (NLS) and Synthetic Layered Silicates (SLS) are a diverse group of 

clay minerals that have attracted great interest in various branches of industry. However, 

despite growing demand for this class of material, their impact on human health has not been 

fully investigated. Therefore, the aim of this study was to evaluate and compare the potential 

toxic effects of a wide range of commercially available SLS and NLS of varying 

physicochemical properties (lithium (Li) or fluoride (F) content and size). Mouse BALB/c 

monocyte macrophage (J774A.1) and human monocyte-derived macrophages (MDMs) were 

chosen as in vitro models of alveolar macrophages. 

Montmorillonite, hectorite, Medium (med) F/High Li and Low F/Med Li particles, were 

cytotoxic to cells and induced potent pro-inflammatory responses. The remaining particles (No 

F/Very (V)Low Li, No F/Med Li, No F/Low Li, High F/Med Li and High F/Med Li washed) 

were non- to relatively low- cytotoxic and inflammogenic, in both type of cells. In an acellular 

condition none of the tested samples increased reactive oxygen species (ROS), while ROS 

generation was observed following exposure to sublethal concentrations of Med F/High Li, 

Low F/Med Li, montmorillonite and hectorite samples, in J774A.1 cells.  

Based on the results obtained in this study the toxic potency of tested samples was not 

associated with lithium or fluoride content, but appeared to be dependent on particle size, with 

the platelets of larger dimension and lower surface area being more potent than the smaller 
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platelet particles with higher surface area. In addition, the increased bioactivity of Med F/High 

Li and Low F/Med Li was associated with endotoxin contamination. Obtained results 

demonstrated that layered silicate materials have different toxicological profiles and suggest 

that toxicological properties of a specific layered silicate should be investigated on an 

individual basis.   

1.2 Introduction 

Advances in the field of material engineering have resulted in a rapid expansion of the 

applications of layered silicate materials. While naturally occurring silicates have been used 

for centuries, synthetic layered silicates (SLS) are relatively new and have been developed to 

overcome some of the limitations that natural layered silicates (NLS) possess. Unlike their 

natural counterparts, engineered silicates are free from crystalline silica or cristobalite, possess 

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).  

Layered silicates possess unique properties, among which their high surface area, high aspect 

ratio, rheological characteristics and high cation exchange capacity (CEC) play crucial roles in 

many industrial applications. These types of material are commonly introduced into polymer 

matrixes, to form so called nanocomposites, which substantially improve mechanical strength, 

thermal, dielectric and barrier characteristics of final products (Paul & Robeson, 2008). 

Layered silicates are used as a rheology modifier of many waterborne products in cosmetics 

such as shampoos or toothpastes, paints and surface coatings (Carretero & Pozo, 2010). 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 for drug delivery systems (Massaro et al., 2018; 

Yu et al., 2013; Wang et al., 2013), bioimaging (Felbeck et al., 2013) and recently reported as 
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a material with huge potential for bone tissue engineering applications (Gaharwar et al., 2013;  

Wang et al., 2014;  Carrow et al., 2018). Currently layered silicates 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), which leads to an increase in airborne 

occupational and consumer exposure. 

At present, most of the in vitro and in vivo literature on the safety of layered silicates is 

predominantly based on the use of montmorillonite (MMT) and its organically modified forms. 

While these studies showed varying degrees of toxicity dependent on the type of experimental 

set up used (such as type of cell line, concentrations, endpoint tested, methodology), there is 

very limited data on the toxicity of other layered silicate types, thus making it very difficult to 

draw a conclusion on their safety. Furthermore, recent in vitro and in vivo studies have 

evidenced varying degrees of toxic effects associated with exposure to bentonite and kaolin, 

despite their highly similar chemical structure, platelet-like morphology and size, suggesting 

that other characteristics play an important role in induced toxicity and arguing against a 

common hazard mechanism for aluminosilicates (Wiemann et al., 2020). Up until now, the 

mechanism of cellular toxicity of layered silicates, is poorly understood and different primary 

mechanisms have been proposed. Studies indicate that MMT and bentonite exhibit their 

toxicity through rapid association of silicates with the outer membrane of cells and complete 

cell lysis (Murphy et al., 1993; Geh et al., 2006), 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 

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). 



4 
 

Layered silicates investigated in this study exhibit a two-dimensional (2D) platelet/layer 

structure, consisting of one octahedral sheet placed between two tetrahedral sheets (2:1 type of 

phyllosilicate smectite), with variable chemical composition (specifically fluoride (F) and 

lithium (Li content) and dimensions (Bergaya & Lagaly, 2006). 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).  

The aim of this study was to compare the potential hazard of a wide range of commercially 

available SLS and NLS, which belong to the same group of 2:1 layered silicates, in order to 

investigate whether in vitro reactivity was related to their composition and size. The murine 

J774A.1 macrophage cell line and human monocyte-derived macrophages  (MDMs) were used 

as a surrogate of alveolar macrophages; cells of special attention when assessing pulmonary 

toxicity of  different particle types and nanomaterials (NMs). Tested particles were 

characterized, tested for endotoxin content and evaluated for their ability to induce cytotoxicity, 

uptake and changes in cellular morphology, inflammation and oxidative stress. Dörentruper 

quartz (DQ)-12 sample, which is composed of crystalline silica (SiO2), was used, in this study, 

as a positive control.  

1.3 Material and methods 

1.3.1 Panel of particles  

The panel of particles tested consisted of SLS and NLS (Table 1). The seven different SLS 

varied in lithium and fluoride content, as presented in Table 1. A 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 a washing step). The NLS group included montmorillonite (MMT) and 

hectorite (sHca-1).  
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Table 1. Panel of tested particles and corresponding lithium and fluoride content. 

 

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™. DQ12 alpha-quartz particles was 

used as a positive control and two ion controls (NaF and LiCL) were used to assess the role of 

potential dissolution products. 

1.3.2 Particle characterisation  

The hydrodynamic Z-Average diameter, zeta potential and the polydispersity index (PDI) of 

particle suspensions were determined by dynamic light scattering (DLS), using a Zetasizer 

Nano-ZS (Malvern Instruments Ltd., UK). Particles were dispersed in MiliQ water or in cell 

culture medium, at a concentration of 125 µg/ml and measured using the Malvern software 

(Malvern Instruments Ltd., UK), with back scattering detector at 173°, at 22°C. DLS 

measurements were started immediately after the preparation of particle dispersion and 

repeated after 24 hr of incubation at 37°C with 5 % CO2. 

The surface area of tested materials was measured by Brunauer Emmett Teller (BET) method. 
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Scanning electron microscopy (SEM) was used in order to study the surface morphology of 

layered silicate samples. Dry powder layered silicate samples were mounted onto 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). 

1.3.3 Determination of endotoxin contamination 

Endotoxin content was assessed for 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). Briefly, 

particles at concentration 62.5 µg/ml  were suspended in endotoxin-free (LAL-grade) water or 

water spiked with a known amount (0.5 EU/ml) of endotoxin, and assessed using the endpoint 

chromogenic Limulus Amebocyte Lysate (LAL) test (QCL-1000TM Assay, Lonza, 

Walkersville, MD), according to manufacturer’s instructions. Spiked samples were prepared in 

order to assess ability of particles to inhibit or enhance the detection of the endotoxin.  

Due to the observed interference of layered silicate samples with the LAL assay, polymyxin B 

sulphate (an antibiotic, which is known to bind and inactivate endotoxins), was used in order 

to assess endotoxin contamination, according to a protocol provided by Mukherjee et al. 

(2016). Briefly, J774A.1 cells were seeded in 96-well plates and 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. 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. 

The polymyxin B sulphate alone was found not to significantly affect the secretion of TNF-α 
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in J774A.1 cells compared to the control and inhibit LPS, and as a consequence significantly 

decrease the secretion of TNF-α in J774A.1 cells (data not shown). Also, J774A.1 cells were 

exposed to each particle type, at sub-lethal concentrations, 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 silicates. Polymyxin B sulphate was 

shown to inhibit LPS in the presence of particles (data not shown). Following exposure, cell 

culture supernatants were collected and the secretion of TNF-α was determined by ELISA, 

according to the manufacturer’s protocol.  

1.3.4 Cell culture and treatments 

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). J774A.1 cells were seeded 

at a density of 1.6 x 105 cells/cm2 in cell culture plates and incubated for 24 hr at 37°C with 5 

% CO2, prior to particle treatment. 

MDMs were isolated from peripheral blood, from healthy donors, according to the procedure 

described by Haslett and colleagues (Haslett et al., 1985). The freshly isolated MDMs 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 7.81 x 105 cells/cm2 in cell culture plate. 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. The cells were monitored morphologically for differentiation. 
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1.3.5 Particle dispersion protocol  

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 of mixing, 

heat inactivated FBS (for J774A.1 treatment) or heat inactivated autologous serum from the 

corresponding donor (0.2 µm filtered, in order to remove serum aggregates) (for MDMs 

treatment) 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 cell culture medium containing 10 % v/v FBS (for 

J774A.1 treatment) or 10 % v/v heat inactivated autologous serum from corresponding donor 

(for MDMs treatment).  

1.3.6 Cytotoxicity assays 

Alamar blue and 5-carboxyfluorescein diacetate, acetoxymethyl ester (5-CFDA, AM) assays 

were used to measure the loss in metabolic and cellular esterase activity, respectively, in 

J774A.1 and MDMs exposed to particles for 24 hours. Cells were seeded in a 96-well plate and 

the protocol is described in more detail elsewhere (Connolly et al., 2015). J774A.1 cells were 

used to screen a range of particle concentrations from 3.9 to 500 μg/ml, while MDMs exposed 

to three different particle concentrations of 15.6, 31.3 and 125 µg/ml, due to the limited number 

of cells. The negative control consisted of medium only, while Triton X-100 was used as a 

positive control to indicate 100 % lysis of the cells. 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. 

1.3.7 Cytokine secretion 

Secretion of pro-inflammatory cytokine TNF-α, in the supernatant of J774A.1 cells, exposed 

to sub-lethal concentrations of tested particles, was analysed by ELISA (DuoSet® ELISA, 

R&D Systems Inc., USA), according to the manufacturer’s protocol. Supernatant from 
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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. 

The levels of human TNF-α and IL-8 secreted into cell culture media by MDMs, exposed to 

tested particles, was determined using the Luminex® mouse cytokine 2-plex assay (Magnetic 

Luminex assay, R&D Systems Inc., USA), according to the manufacturer’s guidelines. 

Supernatant from untreated cells 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. 

1.3.8 Gene expression  

The gene expression studies were carried out by seeding J774A.1 cells in flat bottomed 24-

well plates and exposing them to three different sub-lethal concentrations of each particle type, 

for 4, 6 and 24 hr, at 37oC and 5 % CO2. 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. 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). 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.   

A high Capacity RNA-to-cDNA™ kit (Thermo Fisher Scientific, UK) was used for cDNA 

synthesis, according to the manufacturer’s guidelines.  
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Quantitative real time polymerase chain reaction (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, according to manufacturer’s protocol. The identification 

numbers and names for used TaqMan™ gene expression assays are shown in Table 2. 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).  

Table 2. 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 

 

1.3.9 Acellular ROS generation 

Acellular ROS generation was quantified using 2’,7’-dichlorofluorescein diacetate (DCFH-

DA) assay, adopting the method of Wilson et al. (2002) and described in details by Ude et al. 

(2019). The nanoparticle carbon black Printex-90 (NPCB) was used as a positive control, at 

concentrations of 15.6 and 31.3 µg/ml.  
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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). In 

addition, 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). 

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). By contrast, NPCB displayed a strong, concentration-dependent reduction of 

fluorescein signal (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 

an 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. 

1.3.10 Cellular ROS generation 

Cellular ROS generation was investigated by using the DCFH-DA assay, modifying the 

protocol described by Wilson et al. (2002). Briefly, J774A.1 cells were seeded in a 96-well 

plate, 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, the DCFH-DA solution was removed, and 

cells were washed twice with PBS, in order to remove free DCFH-DA. Cells were exposed to 

sub-lethal concentrations of particles diluted in HBSS and incubated at 37ºC and 5 % CO2. The 

NPCB was used as a positive control at concentrations of 15.6 and 31.3 µg/ml.  
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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 calculated as a 

percentage of the untreated control group for each particle concentration and plotted versus 

each time point. 

1.3.11 Transmission electron microscopy (TEM) sample preparation 

MDM and J774A.1 cells were seeded in a 6-well plate and 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. These samples were chosen to represent both SLS and NLS particles. A control culture 

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). Next, 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.  
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1.3.12 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 assumptions for normal 

distribution. 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. 

1.4  Results 

1.4.1 Particle characterisation  

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 3. 

DLS analysis, of layered silicate particles dispersed in MiliQ water, indicated that samples 

formed from relatively monodisperse to heterogeneous suspensions (PDI values ranging from 

0.18 - 0.79), with the size of most of SLS particles measured below 100 nm, with the exception 

of Med F/High Li sample, for which the average hydrodynamic diameter was ca. 250 nm. The 

MMT and sHca-1 particles in MiliQ water suspension displayed hydrodynamic diameters 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 
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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 (High F/Med Li, High F/Med Li washed, Med F/High Li and Low F/Med 

Li), 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 F/Low Li and No F/V low Li) with the average hydrodynamic diameter 

ranged from 97 – 182 nm and formation of relatively monodispersed suspensions with the PDI 

values ranged from 0.26 – 0.43. 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, the NLS 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 implied 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. 

According to BET analysis sample sHca-1 possessed the lowest specific surface area of 55.9 

m2/g, followed by MMT particles, with a surface area of 60.5 m2/g. 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, 
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respectively (Table 3). 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. 

 

Table 3. Physicochemical characteristics of tested particles, 

 

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 1. The images revealed that 

layered silicates in dried powder form, assemble into clusters or agglomerates rather than 

existing 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 (Figure 1A, B, D and E). The platelet edges of No F/V low Li seemed more 

smooth and rounded, relative to other samples (Figure 1G). In addition, SEM analysis was 

performed for particles suspended in MiliQ water, in order to assess size distribution of 

individual platelets. However, particles which deposited on the grid in a form of a suspension 
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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 1. 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 
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and processed for SEM imaging. A scale bar is shown in the right corner at the bottom of each image. Note 

different scale bar. 

1.4.2 Determination of endotoxin contamination 

The endpoint chromogenic LAL assay was used for assessment of endotoxin contamination in 

layered silicate samples. However, when the quality control samples were spiked with known 

concentration of LPS, the recovery rates were lower than expected, indicating that the 

endotoxin levels were underestimated and could not be reliably quantified using the endpoint 

chromogenic LAL assay (Figure 2, Supplementary information).  

 

Figure 2. Endotoxin assessment by endpoint chromogenic LAL assay. 

(A) Endotoxin activity in particle suspensions. (B) 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 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. 

As a result of the observed interference of layered silicate samples with endpoint chromogenic 

LAL assay, a macrophage activation test was used for the determination of endotoxin 

contamination. This method relies on the measurement of TNF-α secretion in the presence or 

absence of the LPS inhibitor, polymyxin B sulphate, and results are presented in Figure 3. The 

data show that High F/Med Li, No F/Med Li, No F/Low Li, sHca-1, MMT, and DQ12 caused 
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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 levels of TNF-α following exposure to Med F/High Li and 

Low F/Med Li particles, suggesting endotoxin presence in these samples (Figure 3, 

Supplementary information). 

 

 

Figure 3. The release of TNF-α, in the absence or presence of polymyxin B sulphate, in J774A.1 cells by 

layered silicate and control particles. 
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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. 

1.4.3 Cytotoxicity of tested particles 

The results obtained in the study on J774A.1 cells demonstrate that the cytotoxic effect, for all 

tested particles, was particle- and concentration- dependent, with respect to the control group, 

with the higher sample concentration eliciting more toxicity (Figure 4). 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 or no toxicity towards J774A.1 cells. 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 4E). 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 4F). 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 4G). Among the SLS samples that contained fluoride in their chemical 

structure, sample Med F/High Li caused the greatest level of toxicity which was found to be 

statistically significant at concentrations as low as 7.8 µg/ml (p < 0.0001) in J774A.1 cells ( 

(Figure 4C).  The Low F/Med Li was significantly toxic from a concentration of 15.71 µg/ml 

(p < 0.01) (Figure 4D), 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 4A 

and B). The NLS samples exhibited relatively high toxicity towards J774A.1 cells, inducing 

significant loss of cells on treatment with 7.8 (p < 0.001 - 0.05) and 31.3 µg/ml (p < 0.01 - 

0.05) for MMT and sHca-1 particles, respectively (Figure 4H and I). Treatment of J774A.1 
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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) (Figure 4J). 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 4K and L. 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 a significant cell loss in J774A.1 viability from 

concentration of 62.5 µg/ml (correspond to 10.2 µg/ml of lithium) (p < 0.05), but only 

measured as an impairment of cellular metabolism (Alamar blue assay). 
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Figure 4. 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-J) and salt controls (K and 

L), in complete RPMI medium, for 24 hr. Then cell viability was assessed by Alamar blue and 5-CFDA, AM assay 
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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). 

 

MDM cells were found to be less susceptible to layered silicate treatments compared to 

J774A.1 cells. The SLS samples that lacked fluoride in their chemical structure (No F/ Med Li, 

No F/ Low Li and No F/Low Li), as well as Med F/High Li and Med F/High Li washed, did 

not alter cell viability of the MDMs at the concentrations tested, in either assay (Figure 5A – 

B and E – G). 

Med F/High Li and Low F/Med Li particles showed clear concentration dependent toxicity 

patterns. When compared to the control group, these particles caused a significant reduction in 

cellular viability (only observed as reduced cellular metabolism but not as a reduced esterase 

activity) at the highest concentration tested of 125 µg/ml (p < 0.01, p < 0.05, respectively) 

(Figure 5C and D).  

NLS samples, MMT and sHca-1, exhibited concentration-dependent cytotoxicity. The 

cytotoxic effect after exposure to sample MMT was observed at the lowest tested concentration 

(seen only as a reduction of cellular metabolic activity), causing approximately a 60 % 

reduction in cell viability (p < 0.05) (Figure 5H), while sHca-1 particles caused a significant 

reduction in cell viability only at the highest concentration used (p < 0.01) (Figure 5I). 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 5J). 
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Figure 5. Impact of different types of particles on viability of MDM cells. 
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MDM 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). 

The lethal concentration (LC) values obtained from Alamar blue and 5-CFDA, AM assays, for 

each type of particle in both types of cells, are presented in Table 4. The lower LC values that 

were evaluated using the Alamar blue method indicated its increased sensitivity, in both types 

of cells, therefore the LC values obtained from this assay were used to group the hazard of 

tested particles. In J774A.1 cells hazard ranking was established as follows: relative high 

toxicity samples: LC50 ≤ 10 µg/ml - Med F/high Li and MMT; intermediate 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. Similarly, in MDMs following toxicity 

ranking, according to the LC20 values (based on Alamar blue assay because of its higher 

sensitivity), was compiled and particles were grouped into: relative high toxicity samples: LC20 

≤ 20 µg/ml - Na-F-Hectorite, MMT and Med F/High Li; intermediate 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.  

Table 4. Comparison of LC values causing 20% (LC20) or 50 % (LC50) loss of cell viability in J774A.1 cells 

and MDMs. 
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1.4.4 Acellular ROS  

None of the studied layered silicates displayed an increase in DCF fluorescence compared to 

the medium-only control (Figure 6, Supplementary information). 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 6E 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 6J), and the increase was relatively small compared to NPCB. The positive control 

treatment of NPCB, 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 6K). 
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Figure 6. Acellular ROS formation by different types of particles. 

Acellular ROS production by different types of layered silicates (A – I), DQ12 (J) and NPCB (K) 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 NPCB (K).  
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1.4.5 Cellular ROS 

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 7A, E-G). By contrast, sample Med 

F/High Li, Low F/Med Li, 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 7C, D, H - J). 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 (Figure 7J). The positive control, NPCB, 

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 7K). In 

addition, in J774A.1 after 30 minutes of exposure to NPCB, the DCF fluorescence reached the 

point of saturation, and with increasing treatment time a decrease in fluorescence signal was 

observed (Figure 7K).   
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Figure 7. Intracellular ROS formation by different types of particles. 

Cellular ROS production by different types of layered silicates (A – I), DQ12 (J) and NPCB (K) 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 NPCB (K). 

1.4.6 Gene expression 

The initial screening (consisting of two repetitions of the experiment) showed that 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 were below or close to control J774A.1 
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cell expression levels (data not shown). 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.  

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 8. 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). Following a 6 hr treatment, the amount of TNF α 

transcript was similar across all particles tested. 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). 

 

Figure 8. 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 ± 
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SEM (n=3), significance is indicated by * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001 

compared to control. 

 

All particles tested were shown to stimulate a significant increase in MIP-2 gene expression in 

a concentration-, particle and time-dependent manner (Figure 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 MMT, at 4 and 6 hr 

treatment, at most concentrations tested (p < 0.01 - 0.001), 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). 



32 
 

 

Figure 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. 

MCP-1 gene expression was enhanced on exposure to a number of particles, in a time- and 

particle-dependent manner (Figure 10A, 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). Short- (4 hr) and longer-term (24 hr) 

exposure to DQ12 caused a significant increase in MCP-1 mRNA at most concentrations (p < 
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0.05 - 0.0001), whereas no difference in MCP-1 expression was observed following 6 hr of 

treatment, when compared to untreated J774A.1 cells. The MMT sample was shown to induce 

the greatest levels of MCP-1 gene expression, resulting in a significant increase in 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). 

 

Figure 10. 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. 

1.4.7 Cytokine secretion 

The TNF-α protein secretion, in J774A.1 cells, was enhanced on exposure to most of the 

particles studied, in a concentration- and particle- dependent manner (p < 0.0001) (Figure 11). 

The strongest effect was observed for sample MMT significantly inducing TNF-α secretion 

from a concentration as low as 3.9 µg/ml, with this effect maintained across all concentrations 
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tested (p < 0.001) (Figure 11 C). Moreover, the amplitude of TNF-α secretion for this sample 

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 times more TNF-α release upon MMT 

exposure. 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 11A 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 11A 

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 11A 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 

11B). DQ12 caused a concentration dependent release of TNF-α, being significant from 

concentration of 31.3 µg/ml (p < 0.001) (Figure 11D). Similarly, the cells treated with LPS 

produced significant amounts of TNF-α (p < 0.0001) (Figure 11D). NaF salt induced significant 

production of TNF-α at the highest concentrations tested of 31.3 µg/ml (p < 0.01) (Figure 11E), 

whereas LiCl did not induce TNF-α production at any concentration used (p > 0.05) (Figure 

11E).  

The particles can be placed in the following order, in terms of TNF-α secretion in J774A.1 

cells:  

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 
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Figure 11. 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. 

Human MDMs were assessed for release of IL-8 and TNF-α production. The secretion of TNF-

α by MDMs 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 12A 
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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 12A and C). Sample MMT was 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 < 0.05) (Figure 12C). 

 

Figure 12. TNF-α release from MDM cells. 

MDM 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). 

The cytokine IL-8, in MDMs, was slightly, but significantly elevated, only in response to the 

both natural clay samples (MMT and sHca-1) at a concentration of 31.3 µg/ml (p < 0.05 and p 

< 0.01, respectively) (Figure 3.5C).  
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DQ12 provoked a significant increase in IL-8 production at all exposure concentrations (p < 

0.05) (Figure 13D), 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 

13). Moreover, concentration dependency was exhibited in response to DQ12 for both 

measured mediators. MDM 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 13D and Figure 

12D).  

 

Figure 13. IL-8 release from MDM cells. 

MDM 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). 
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1.4.8 Qualitative assessment of layered silicate NMs uptake 

TEM was utilised to investigate the cellular uptake, localisation of particles and ultrastructural 

changes in MDMs 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 with significantly different particle morphology.  

As shown in Figure 14A and B, and Figure 15A and B, untreated MDMs 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. 

When MDMs 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 14C and 

D. 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 14D. 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 15C and D). 

In the case of sHca-1 exposure, both types of cells were able to internalise these particles and 

can be viewed as a few hundred nm sheets or as thin fibres with a thickness of around 1 nm 

(Figure 14E and F, and Figure 15E and F).  

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. Particles were not found in any other subcellular organelles such as 



39 
 

mitochondria, nucleus or Golgi apparatus and no obvious signs of mitochondria or ER swelling 

was observed 

 

Figure 14. TEM images of untreated (control) and treated MDM cells. 
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MDM cells were exposed to medium only (control) (A and B), No F/Med Li at 125 µg/ml (C and D) and sHca-1 

at 31.3 µg/ml (E and F), 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 

particles. Red arrows indicate vesicles containing particles within membrane bound vesicles. M: mitochondria, 

N: nucleus, ER: endoplasmic reticulum and GA: Golgi apparatus.  
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Figure 15. TEM images of untreated (control) and treated J774A.1 cells. 

J774A.1 cells were exposed to medium only (control) (A and B), No F/Med Li at 125 µg/ml (C and D) and sHca-

1 at 31.3 µg/ml (E and F), 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 
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particles. Red arrows indicate vesicles containing particles within membrane bound vesicles. M: mitochondria, 

N: nucleus.  

1.5 Discussion 

The aim of the presented study was to investigate and compare the potential hazard of a wide 

range of commercially available SLS and NLS materials, by assessment of induced 

cytotoxicity, pro-inflammatory responses and oxidative stress in macrophages.  

1.5.1 Physicochemical properties of layered silicates and their cytotoxic potential 

To assess physicochemical factors responsible for layered silicate toxicity, 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 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. 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 the layered silicates. DLS 

and BET analysis allowed ranking of particles according to their hydrodynamic diameter and 

surface area. DLS analysis indicated that in the cell culture media, containing 10 % serum, 

formation of larger agglomerates of particles 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, were found to be within or close to the nano-size range in 

both types of cell culture media (hydrodynamic diameter varied between 77- 182 nm). By 

contrast, both types of NLS (MMT and sHca-1) were in the micrometer diameter range. BET 
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analyses reflected the particle size obtained by DLS. The results showed that MMT and sHca-

1 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 NLS samples by approximately 6-

times. In addition, all of the tested layered silicate particles were characterised by negative ʐ- 

potential values in solutions of MiliQ water and cell culture media. SEM was also utilised, 

however the data acquired was of limited use in characterisation of size and surface 

morphology.  

Next, the endpoint chromogenic LAL assay results showed that layered silicate samples were 

observed to bind internally spiked LPS, thus indicating false negative results. 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 method was implemented for endotoxin detection, by using 

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. 

In this study, the cytotoxicity results showed that the murine macrophage cell line, J774A.1, 

was more sensitive compared to human MDM cells, following their incubation with different 
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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 MDM 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. 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 agreement, however 

measurements of cellular metabolic activity (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 MDM cells. The degree of induced loss of cell viability depended on the type of 

layered silicate tested and based on cytotoxicity data, obtained in both type of cells, particles 

were divided into relatively high toxicity, intermediate toxicity, relative low toxicity and non-

toxic samples. MMT, sHca-1, Med F/High Li and Low F/Med Li particles were considerably 

more toxic in J774A.1 cells with LC50 values in the range of 7.1 to 28.0 µg/ml. In MDMs, again 

MMT and Med F/High Li demonstrated higher level of toxicity, with the LC20 values ranging 

from 2.6 – 19.4 µg/ml. Interestingly, 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 particle types (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 (up to 125 µg/ml) in MDMs and relatively low toxicity (from concentration of 125 

µg/ml) in J774A.1 cells. These conclusions are in contrast with most other studies in which 
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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 platelet 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. 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). It might suggest that increased toxicity of layered silicates as a 2-D type of particle, is 

associated with their high aspect ratio morphology. 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), however the difference was in the 

sub-micron range size.  

Interestingly, in this study the cytotoxicity for Med F/High Li, Low F/Med Li, 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; Connolly et al., 2019), with some studies 

reporting more pronounced cytotoxic effects of layered silicate compared to DQ12 quartz 

(Zhang et al., 2010; Wiemann et al., 2020).  

1.5.2 Pro-inflammatory responses to layered silicate NMs in vitro  

Next, layered silicate particles were assessed for their immune modulatory properties. 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 
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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 MDMs was investigated.  

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 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 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, MMT sample was ca. 20 times 

more bioactive than DQ12, in terms of TNF-α secretion in J774A.1. Similarly, in MDMs the 

effect of 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. In addition, the gene 

expression study has shown that MMT particles 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 MDMs. These results reflect 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 to mice 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, which was also confirmed in an in vitro model of alveolar 

macrophages (NR8383 cell line), measured by TNF-α secretion (Wiemann et al., 2020). 

Interestingly, in another study 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 
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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. In 

addition, IL-8 was significantly elevated in MDMs, in response to MMT and sHca-1 samples, 

highlighting again their inflammatory potential. 

Next, samples 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 of experiment). 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 study, 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, 
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accompanied with MIP-2 secretion (Duffin et al., 2002; Albrecht et al., 2004; Driscoll et al., 

1996; Westphal et al., 2015). Notably, 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. Moreover, in the case of MCP-1 gene expression, 

MMT induced a greater amount than DQ12. Indeed, previously 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 the case of MMT and 

sHca-1 samples this could be partially linked to the presence of crystalline silica in their 

chemical makeup. Importantly, 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 

inflammogenic effect of the material itself cannot be properly evaluated. 

1.5.3 Oxidative potency of layered silicate NMs 

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. 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 
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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, as has been proposed previously  

by Ghadiri and colleagues (Ghadiri et al., 2014). 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 the 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, following treatment with sub-

lethal concentrations of layered silicates. Among SLS samples, only Med F/High Li and Low 

F/Med Li 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 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. By contrast, 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., 
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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., 2013a). 

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). 

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). 
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1.5.4 Physicochemical properties and toxicity  

Overall, there was no relationship observed between lithium and fluoride content in SLS 

particles and their impact on cytotoxicity, pro-inflammatory responses and oxidative stress in 

in vitro models, by comparing SLS samples of varying levels of lithium and fluoride and by 

using salt controls. 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), as mentioned before, 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 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 intracellular 

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 
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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  (Barbier et al., 2010; Gutknecht & Walter, 1981).  

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 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 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.  

1.6 Final conclusions 

Overall, the obtained results highlighted that layered silicates 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. The study showed that both the fluoride and 

lithium content were unlikely to be the 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. In addition, contamination of Med 
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F/High Li and Low F/Med Li samples with bacterial endotoxin also contributed to their 

increased bioactivity. 

The toxicological data, obtained in this study, provide preliminary insight into pulmonary 

toxicological effects and suggest that some of the layered silicates warrant further investigation 

and safety measures should be taken to limit exposure.  
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