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ABSTRACT  

Carbon nanotubes (CNTs) possess a number of unique properties and play a pivotal role in the 

nanotechnology industry with widespread applications in construction, medicine and 

electronics.  Previous studies have demonstrated an association between CNT inhalation and 

adverse cardiovascular effects, however, it is currently unclear whether this is due to the 

release of pulmonary inflammatory mediators or particle translocation across the blood-gas 

barrier. A better understanding of CNT interactions at this barrier is therefore essential for 

developing safer nanomedicines and reducing occupational health risks associated with carbon 

nanotube manufacture.   

The working hypothesis of this study was that the physicochemical properties of multi-walled 

carbon nanotubes (MWNTs) would determine their toxicity and reactivity at the blood-gas 

barrier. 

To test this hypothesis, primary alveolar type-2 epithelial cells (AT2) and microvascular 

endothelial cells (HPMVEC) were isolated from resected human lung and employed alongside a 

unique immortalised human type-1 alveolar cell line (TT1).  The cells were then exposed to 

functionalised MWNT to determine the cellular reactivity of the particles.   

Using this model, it was shown that MWNT exposure induced endothelial cell activation, 

characterised by a pro-inflammatory and pro-thrombotic response, and MWNT 

functionalisation was a key factor in determining the nature of this response.  Acid-oxidised 

MWNTs induced the greatest endothelial activation, however as-received and thermochemically 

grafted MWNTs induced a lesser pro-inflammatory response that also coincided with an 

increase in ROS formation.  Of the thermochemically grafted MWNTs, P(M4-VP) and P(PEGMA) 

MWNTs induced the greatest and smallest response respectively. 

At the epithelium, MWNTs were far less reactive.  All MWNTs were non-toxic to AT2 cells, 

however a small cytotoxic and inflammatory response was observed in TT1s following chronic 
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exposures (72h) and MWNTs were present in both vesicles and the cytoplasm of TT1s following 

24h exposure.  The thermochemically grafted P(M4-VP) MWNTs were shown to induce the 

greatest pro-inflammatory response during these chronic exposures. 

In vivo, disruption of cell-cell junction could have implications for particle translocation, 

inflammation and atherosclerotic lesion formation.  Exposure to MWNTs was shown to increase 

the permeability of type 1, but not type 2 alveolar epithelial barriers.  The greatest disruption 

was seen at the endothelial cell junctions, which was accompanied by depletion of adherens 

junction protein and rearrangement of the actin cytoskeleton.   

Finally, to assess whether epithelial-endothelial crosstalk could affect particle toxicity a co-

culture model of the alveolar blood-gas barrier was constructed using a transwell system where 

alveolar type 1 and type 2 epithelial cells were separated from pulmonary microvascular cells 

by a porous membrane.  There were disparities between the mono and co-culture findings and 

acid oxidised MWNTs applied to the epithelial surface of the co-culture induced a significant 

release of inflammatory mediator into both the apical and basolateral chambers of the co-

culture system, indicative of inflammation in both the pulmonary and vascular systems.  This 

highlighted the need to incorporate endothelial cells into NP toxicity assays, especially when 

considering the cardiovascular reactivity of a particle. 

This thesis has demonstrated that MWNT toxicity is both cell and MWNT surface 

functionalisation dependent, and that endothelial activation could be responsible for the 

adverse cardiovascular effects observed following CNT inhalation in vivo.  These findings will 

aid the generation of safer nanomaterials and further the understanding of CNT induced 

cardiovascular reactivity. 
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1.  INTRODUCTION 

1.1. An overview of airborne particles, pulmonary and cardiovascular health 

Ambient particulate matter 

For many years is has been recognised that airborne particles can be harmful to human health.  

Perhaps the most infamous examples of this in the UK is the London smog of December 1952 in 

which some 4000 excess deaths occurred in one week.  These deaths were primarily attributed 

to exacerbation of lung disease (chronic bronchitis was then a highly prevalent condition in 

urban Britain), but importantly, it was also apparent that a proportion of deaths were due to an 

increase in the incidence of heart attacks (Greater London Authority, 2002; Seaton, Tran, Aitken, 

& Donaldson, 2010).  

Epidemiological studies have since attempted to establish the complex relationship between 

ambient particulate matter (PM) and human health and have revealed some important findings.  

Exposure to particulate matter (PM) smaller than 10µm (PM10) and 2.5µm (PM2.5) is 

associated with increased morbidity and mortality (Dockery et al., 1993; Maynard & Kuempel, 

2005; Schwartz & Morris, 1995; Stone, Johnston, & Clift, 2007; Wichmann & Peters, 2000).  

Furthermore, evidence suggests that the ultrafine particle (UFP) fraction of this particulate 

matter may have unique mechanisms of toxicity, not only in the lungs but also the 

cardiovascular system  (Delfino, Sioutas, & Malik, 2005; Ibald-Mulli, Wichmann, Kreyling, & 

Peters, 2002; Peters, Wichmann, Tuch, Heinrich, & Heyder, 1997; Weichenthal, 2012).   

UFP is particulate matter in the nanoscale range (≤ 100nm (Potocnik, 2011) typically generated 

as a by-product of processes such as combustion (Gwinn & Vallyathan, 2006).  These particles 

are heterogeneous in size and consist of a solid core, either an inorganic material or soot, 

surrounded by a layer of adsorbed or condensated semi-volatile constituents (Nel, Xia, Mädler, 

& Li, 2006). 
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This nano-scale material has an increased life span within the atmosphere when compared to 

larger counterparts; can be transported over larger distances; has an increased surface area for 

the transport of other pollutants, and importantly poses significant health risks upon inhalation 

into the lung (Gwinn & Vallyathan, 2006).  Research funded in the wake of the deadly London 

smog of 1952 found that when considering the median diameter (number) of particles 

constituting London smog, over half the particles were less than 100nm in diameter (Lawther, 

Ellison, & Waller, 1968; Seaton et al., 2010). 

Engineered nanomaterials 

It is the concern surrounding the inhalation of ultrafine particulate matter that led many 

governments and learned societies to express concern regarding the development of engineered 

nanomaterials by industries wishing to exploit their novel properties (Oberdörster, 

Oberdörster, & Oberdörster, 2005; Stone et al., 2007).  Nanotechnology is now employed in a 

wide range of applications including cosmetics, paints, food packaging, sporting goods, 

electronics and medical applications (Aitken et al., 2007; Jachak et al., 2011; Yang, Peters, & III, 

2008).   

As materials enter the nanoscale range, (at least one dimension ≤100nm (Potocnik, 2011)) their 

properties differ significantly from those at a larger scale (Dowling et al., 2004)  The increase in 

surface area can affect reactivity, strength and electrical properties; and towards the lower end 

of the nanoscale, quantum effects can influence the optical, electrical and magnetic behaviours 

of materials (Yang et al., 2008).  These novel attributes, along with the epidemiological studies 

of inhaled pollution, have led many to call for independent legislations to be established in 

regards to the safety of nanomaterials (Seaton et al., 2010).  Toxicological studies have implied 

that the surface area, surface chemistry, size, shape and charge may all influence how 

nanoparticles affect human health (Aitken et al., 2007).  
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Obvious difference exist between non-intentionally produced ambient particulate matter and 

engineered nanoparticles; the former are polydispersed and chemically complex, however the 

latter have precise chemically engineered characteristics (Oberdörster et al., 2005).  

Manufactured NMs exist in many forms including nanoparticles, nanofibres and nanotubes, 

composite materials and nano-structured surfaces (Yang et al., 2008).  These are typically 

formed from either “top down” or “bottom up” processes (Dowling et al., 2004).  Top down 

manufacture involves the generation of very small structures from larger counterparts, and 

conversely bottom up is the assembly of NM from the atomic or molecular level (Dowling et al., 

2004).  The surface of many NMs can be manipulated using adducts to alter the function of the 

material, for example, to increase solubility or alter reactivity (Donaldson et al., 2006).  

Depending on the mode of synthesis, metal catalysts may also be present in the matrix of the 

nanomaterial; cobalt, iron, nickel, and molybdenum contaminants have all been found in carbon 

nanotubes (CNTs) as a result of the manufacturing process, and all of which have documented 

toxic effects (Donaldson et al., 2006).  Variations in methodology employed to obtain a similar 

product often lead to differences in yields, purity, and side products (Dahl, Maddux, & 

Hutchison, 2007).  It is due to the rapid expansion of the nanotechnology industry and the wide 

range of variation introduced during NM synthesis that there is a serious deficit in adequate 

toxicity evidence. 

1.2. Particle deposition within the lungs 

Inhaled air enters the lungs via the conducting airways, first encountering the trachea which 

partitions into two main bronchi that segregate into a series of intra-pulmonary bronchial and 

bronchiolar airways.  The respiratory tree branches in a dichotomous fashion; at each division 

the diameters and length of each successive airway branch decreases progressively, however no 

gaseous exchange occurs until air reaches the respiratory zone.  This zone constitutes the 

respiratory bronchioles, a transitional region displaying features that are both bronchiole and 

alveolar in nature, and the alveoli (Garmann & Stanfield, 2004) (Table 1.2.1). 
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The physicochemical properties of an inhaled particle are known to strongly influence where 

within the respiratory tree the particle will deposit, and it has been hypothesised that the toxic 

effects of different size fractions of PM may be due, in part, to these particle deposition trends 

(Schmid et al., 2009).  Particle deposition in healthy individuals has been modelled by the 

International Commission on Radiological Protection (ICRP) (Bailey, 1994; ICRP, 1994) which 

has been built upon by Jaques & Kim (2000) and Daigle et al (2003) and it is widely accepted 

that while particles <100nm may diffuse throughout the lung reaching peripheral alveolar units, 

larger particles >1µm tend to be deposited in the larger airways, primarily at the bifurcation 

junctions of the respiratory tree (Balashazy, Hofmann, & Heistracher, 2003; Heistracher & 

Hofmann, 1997; Hofmann, Balásházy, & Heistracher, 2001).  This is due to a process known as 

"impaction" where particles >1.5µm are driven into the airway wall by rapid changes in airflow 

direction, such as that found in branching airways (Plumlee, Morman, & Ziegler, 2006). In the 

large airways, clearance of particles is rapid, primarily occurring via the mucociliary escalator 

with particles moving up the tracheobronchial region, towards the pharynx where they can be 

subsequently swallowed (Rothen-Rutishauser et al., 2008; Schmid et al., 2009).   

Nanomaterials that diffuse to the alveolar region are cleared at a much slower rate; the 

retention half-time of solid particles in the alveolar region based on clearance via alveolar 

macrophage phagocytosis is ∼70 days in rats and up to 700 days in humans (Oberdörster et al., 

2005; Rogueda & Traini, 2007). Nanoparticles that have initially evaded mucociliary clearance 

may eventually reach the mucocilary escalator via the slower route of engulfment by alveolar 

macrophages which subsequently travel into the upper airways (Rogueda & Traini, 2007).   

Nanoparticles may however, never reach the mucociliary escalator as although alveolar 

macrophage phagoytosis is the major source of particle clearance in the lung, it has been shown 

that small nanosized particles may evade macrophage-mediated clearance (Oberdörster et al., 

2005; Semmler et al., 2004; Yang et al., 2007).  Particles not removed via macrophage mediated 

clearance mechanisms will be either retained at the epithelium, or  may escape the peripheral 
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alveolar unit via translocation to the underlying circulation, interstitium or lymphatic system 

(Choi et al., 2010; Kreyling, Hirn, & Schleh, 2010; Oberdörster et al., 2005). Both particles 

retained within the lung or those that translocate across the epithelial barrier may have 

consequences for both pulmonary and cardiovascular health. 
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 Anatomy Structure Generation Cytology  Function 
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Larynx - 

 ciliated cells 
 goblet cells 
 basal cells 

Air conditioning, temperature and 
humidity, fast particle clearance, air 
conduction   Trachea 0  ciliated cells 

 goblet cells 
 basal cells 
 serous cells 
 serous gland cells 
 mucous gland cells 

 

Primary bronchi 1 

  
Secondary bronchi 
 

2 

 ciliated cells 
 goblet cells 
 basal cells 
 serous cells 

  
Tertiary bronchi 
 

3 

  
Small bronchi 
 

4 

  
Bronchioles 
 

5 

  
Terminal bronchioles 
 

6-16 
 ciliated cells 
 clara cells 
 basal cells 

R
e
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Respiratory bronchioles 

17-19 

 ciliated cells 
 clara cells 
 basal cells 
 alveolar type 1 cells 
 alveolar type 2 cells 

Air conduction, gas exchange, very slow 
particle clearance 

 Alveolar ducts 20-22 
 alveolar type 1 cells 

 alveolar type 2 cells 

Gas exchange, very slow particle 
clearance 

 
Alveolar sacs 23 

Table 1.2.1.  Anatomy of the respiratory tree.  Adapted from (Garmann & Stanfield, 2004). 
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1.3. Local effects of engineered nanoparticles retained within the lungs 

The primary location of nanoparticle mediated toxicity following inhalation is at the pulmonary 

site of deposition.  Rodent studies have observed similar outcomes following NP deposition with 

inflammation, fibrosis and granuloma formation frequently observed following pulmonary 

exposure to a range of nanoparticles including metal oxides and siliceous and carbonaceous 

nanomaterials (Ho et al., 2011; Manke, Wang, & Rojanasakul, 2012; Park & Park, 2009).  

Furthermore, pulmonary inflammation, fibrosis and foreign body granulomas of the pleura 

were observed in seven workers exposed to polyacrylate nanoparticles over 5-13 months.  In 

these workers the nanoparticles were observed in the cytoplasm and karyoplasm of epithelial 

and mesothelial cells in addition to the chest fluid (Song, Li, & Du, 2009).   The mechanisms 

underlying the pulmonary toxicity of nanoparticles are both varied and contested due to 

differences in nanoparticle physicochemistry between studies and the complex intercellular 

relationships in the respiratory system.  There is therefore a need to explore specific NP-cell 

interactions to discover what is driving NP toxicity. 

NM intracellular transport 

Smaller particles have a greater tendency to enter subcellular organelles (Boyoglu et al., 2013).  

NM have been visualised using electron microscopy, spectroscopy and fluorescent microscopy  

in a number of cellular compartments including the cytoplasm, mitochondria, nucleus and 

lysosome (Pantarotto, Briand, Prato, & Bianco, 2004; Porter et al., 2007; Worle-Knirsch, 

Pulskamp, Krug, & Wörle-Knirsch, 2006) and are thought to enter the cell either by passive 

diffusion or energy dependent phagocytosis and endocytosis.  Porter et al provided evidence for 

both processes in monocyte derived human macrophages exposed to SWCNT (Porter et al., 

2007).  The absence of a membrane surrounding the CNT indicated that some SWCNTs may be 

piercing the cellular membrane to gain access to the cell; a plausible mechanism due to the 

extremely small diameter of SWCNTs (a minimum diameter of around 1nm (Pantarotto et al., 
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2004)).  Mathematical modelling has been used to investigate whether needle-like SWCNTs 

could theoretically pierce a phospholipid bilayer, which has however, suggested that SWCNTs 

are more likely to enter a cell via energy-dependent mechanisms such as endocytosis (Pogodin 

& Baulin, 2010). 

Cheng et al (2008) demonstrated that the build-up of nucleolar PEGylated SWCNTs was 

concentration-dependent and that upon removal of the extracellular CNTs they were eventually 

released from the cell (Cheng et al., 2008).  This discovery was reinforced by Jin, Heller & Strano 

(2008) who presented evidence that the rate of DNA-SWCNT endocytosis was equal to that of 

exocytosis (Jin, Heller, & Strano, 2008). This finding could have profound implications as, 

depending on whether all CNT are shown to be toxic or whether toxicity is dependent on 

characteristics of the material, it provides evidence that, if CNT were to be used as drug carriers, 

as has been proposed by a number of studies (Reviewed by (Liu, Tabakman, Welsher, & Dai, 

2009)), a degree of controllable clearance could be achieved (Cheng et al., 2008).  There is 

currently insufficient information describing how NP uptake varies between cell types, which 

should be addressed to fully understand their medicinal and toxic potential. 

Oxidative stress 

Due to their small size and large surface reactivity NPs are capable of producing higher levels of 

ROS than their bulk counterparts (Fu, Xia, Hwang, Ray, & Yu, 2014) and a number of studies 

have implicated reactive oxygen species (ROS) generation in the toxicity of nanoparticles.  ROS 

generation can occur as a result of metal dissolution in the biological environment to produce 

toxic ions or as a direct result of NP interaction with cellular targets (Ge, Li, et al., 2012; Nel et 

al., 2006).   Pro-oxidant functional groups on the reactive surface of NPs as well as active redox 

cycling on the surface of transmission metal NPs may both induce oxidative stress (Manke, 

Wang, & Rojanasakul, 2013).  In addition to being self-oxidant in nature, NPs also react with 

cells and induce cellular ROS generation through mitochondrial respiration and activation of 
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NADPH-like enzyme systems (Fu et al., 2014).  Phagocytic cells induce substantial ROS upon 

internalisation of NPs via the NADPH oxidase enzyme system (Ye et al., 2011).  This ROS can be 

directly injurious to cell DNA, proteins and lipids,  however it is also crucial for host defence 

(Segal, Grimm, Khan, Han, & Blackwell, 2012); the NADPH oxidase enzyme system plays an 

important part in antimicrobial ROS generation, signalling pathways, chemotaxis, autophagy 

and antigen cross-presentation (Lam, Huang, & Brumell, 2010).  

Overproduction of ROS can result in oxidative stress where cells fail to maintain normal 

physiological redox-regulated functions.  This may generate protein radicals, initiate lipid 

peroxidation, DNA-strand breaks, modification to nucleic acids, activate redox-sensitive 

transcription factors and modulate inflammatory responses through signal transduction 

(Dickinson & Chang, 2011; Fu et al., 2014; Meng, Xia, George, & Nel, 2009).  The synthesis and 

release of cytokines involved in inflammation and fibrosis initiated by ROS mediated 

transcription factors can damage epithelial cells, inducing cell repair mechanisms.  In some 

instances, defects in these cell repair mechanisms can lead to progressive scarring and fibrosis 

(Nel et al., 2006).  The effects of increasing oxidative stress are described in Figure 1.3.1.  

Although oxidative stress has been implicated in the toxicity of a number of NPs, it is not clear 

which physicochemical properties are responsible for the increased ROS formation.  As a result, 

it is not known whether processes such as surface functionalisation are able to influence the 

oxidative potential of the material.  Furthermore, the majority of studies into the oxidative 

potential of NPs have investigated phagocytic cells due to the important role ROS play in these 

cell types.  There is consequently a lack of data describing ROS formation at the blood-gas 

barrier, and the implications this may have for other cellular processes such as inflammation 

and barrier permeability. 
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Figure 1.3.1  The hierarchical oxidative stress model.  In tier 1, transcriptional activation by 
Nrf-2 of the anti-oxidant response element triggers phase II antioxidant enzyme release to 
restore cellular redox homeostasis.  In tier 2, activation of the MAPK and NKκB cascades induces 
a pro-inflammatory response.  In tier 3, perturbation of the mitochondrial PT pore and 
disruption of electron transfer results in cellular apoptosis or necrosis.  A further outcome of 
oxidative stress not depicted in the above figure is genotoxicity via oxidative DNA damage.  This 
is associated with mutagenesis, carcinogenesis and age related disease.  Figure adapted from 
(Nel et al., 2006). 

Inflammation and fibrosis 

Inflammation is a common cellular response following NP exposure and can be both ROS-

dependent and -independent (Nyga, Hart, & Tetley, 2015).  This is a complex homeostatic 

response which has evolved to protect biological systems from harmful stimuli but which can 

also become harmful, as excess or inappropriate inflammation can result in tissue damage 

(Bhattacharya, Andón, El-Sayed, & Fadeel, 2013).  Using murine models, an expansive list of NPs 

have been shown to induce inflammation in the lung; ZnO and Ag NPs increase pulmonary 

polymorphonuclear cells in bronchoalveolar lavage fluid (BALF) (Sayes, Reed, & Warheit, 2007; 

Silva et al., 2015), NiO NPs induce inflammatory cytokine release (Morimoto et al., 2010) and 

TiO2 and SiO2 activate the NLR pyrin domain containing 3 (NLRP3) inflammasome (Baron et al., 

2015). 
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The rapid onset of pulmonary inflammation is an acute response to NP exposure, however long-

term, these materials are associated with the development of lung fibrosis and tumours (Dailey 

et al., 2006).  Fibrosis or scarring of the lung tissue occurs as a result of a persistent lung-

damaging stimulus or the dysregulation of any stage in the tissue repair program (Wynn, 2011). 

Chronic exposure to NPs including TiO2 and SWCNTs has been shown to induce 

fibroproliferative lesions and collagen deposition in the lung (Bermudez et al., 2004; Shvedova 

et al., 2008).  Both inflammation and pulmonary fibrosis have also been associated with an 

increased risk of lung cancer (Hubbard, Venn, Lewis, & Britton, 2000). 

These in vivo murine models have provided crucial information about the inflammatory and 

fibrotic potential of NPs however human models are required to determine whether these 

findings are likely to be relevant across species.  Robust human in vitro models are therefore 

required, in concert with in vivo and in silico models, for effective NP hazard assessment.   

Genotoxicity 

Genetic instability triggered either by ROS, inflammation or continuing cycles of tissue 

damage/repair lead to cell metaplasia and atypia, key features of carcinogenesis (Gonzalez, 

Lison, & Kirsch-Volders, 2008; Shvedova et al., 2014).  Inhaled particles have historically been 

associated with tumour formation; retention of inhaled crocidolite asbestos fibres at the 

parietal pleura is known to cause mesothelioma, and ambient particulate matter is a risk factor 

for lung cancer (Donaldson, Murphy, Duffin, & Poland, 2010; Knaapen, Borm, Albrecht, & Schins, 

2004). 

In a comparative in vitro study by Yang et al., (2009) carbon black (CB), carbon nanotubes 

(CNTs),  silicon dioxide (SiO2) and zinc oxide (ZnO) NPs all induced significant DNA damage as 

determined by the comet assay. However, the severity of the damage was greatly dependent on 

the exposure particle, with CNTs inducing the greatest DNA damage.  Furthermore, studies have 

shown that TiO2 NPs induce DNA-adduct formation in IMR-90 cells (human bronchial 
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fibroblasts) (Bhattacharya et al., 2009) and CNTs and graphite nanofibres are genotoxic in 

human bronchial epithelial BEAS 2B cells, as measured by the alkaline comet assay and the 

micronucleus assay (Lindberg et al., 2009).  A long-term study of carbon nanomaterials 

administered to mice via pharyngeal aspiration found evidence of increased mutagenesis, but 

not increased tumour formation, one year post-exposure, supporting the potential genotoxic 

pulmonary effects of NPs (Shvedova et al., 2014). 

1.4. Extra-pulmonary effects of engineered NMs 

In addition to the pulmonary toxicity of inhaled nanoparticles, multiple epidemiological studies, 

in vivo and in vitro models have suggested that inhaled nanoparticles may have adverse extra-

pulmonary effects, particularly when considering the cardiovascular system.  Some NM may 

translocate to the circulation and other organs of the body, and others may have indirect 

systemic effects through the pulmonary release of mediators into the circulation (Choi et al., 

2010; Naota, Shimada, Morita, Inoue, & Takano, 2009; Simeonova & Erdely, 2009).  A number of 

in vivo studies aiming to discern the mechanism that may link NM and compromised 

cardiovascular health have been carried out and have demonstrated NM-induced 

atherosclerosis, thrombosis and altered cardiac function and rhythm (as reviewed by 

Shannahan, Kodavanti, & Brown, 2012). The potential mechanisms underlying this are 

summarised in Figure 1.4.1.  
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Figure 1.4.1  Proposed mechanisms of cardiovascular toxicity following NP and UFP 
pulmonary exposure.  After inhalation, NP and UFP may trigger pulmonary inflammation and 
oxidative stress leading to increased systemic levels of oxidized macromolecules, cytokines, and 
vasoactive and prothrombotic factors. Alternatively NPs in the lung may alter cardiac function 
via autonomic nervous system dysfunction. NPs that translocate to the circulatory system could 
interact directly with the cardiovascular system potentially inducing a toxic response.  Figure 
adapted from (Shannahan et al., 2012). 

Direct cardiovascular toxicity via particle translocation 

Upon deposition on the alveolar surface, NM and UFP encounter an extremely thin barrier 

separating them from the circulation, in places just one cell thick (Figure 1.4.2) (Li, 

Muralikrishnan, Ng, Yung, & Bay, 2010).  It is thought that particles in the nanoscale are able to 

pass through this barrier following inhalation by paracellular or transcellular transport (Yacobi 

et al., 2010).  The alveolar-capillary barrier is semi-permeable to allow the passage of fluid and 

macromolecules (Mehta, Bhattacharya, Matthay, & Malik, 2004).  Material can pass through cells 

via defects in the plasma membrane, passive or facilitated diffusion across the membrane, or by 

endocytosis (Yacobi et al., 2010).  Endocytic uptake via clathrin- and caveolae-mediated 

processes may not be ubiquitous for all NMs but does allow for intracellular particle movement, 
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and provide a mechanism by which NM may cross the alveolar-capillary barrier (Rejman, 

Oberle, Zuhorn, & Hoekstra, 2004).  Rejman et al demonstrated that 50 and 100nm fluorescent 

microspheres were taken up by endocytic vesicles to a greater extent than their larger 

counterparts in the murine melanoma cell line B16-F10 (Rejman et al., 2004).  Furthermore, 

Thorley et al described passive diffusion of 50nm polystyrene NPs (PLNPs) and clathrin- or 

caveolin-mediated endocytosis of larger 100nm PLNPs in human alveolar type-1 epithelial cells.   

(Thorley, Ruenraroengsak, Potter, & Tetley, 2014).  SWCNTs and gold NPs have also been shown 

to be actively transported into the cell via endocytosis (Cheng et al., 2008; Jin et al., 2008; Porter 

et al., 2007; Rejman et al., 2004).  Subsequent exocytosis of the NM on the basolateral surface of 

the alveolus rather than the apical point of entry would hypothetically enable entry into the 

capillaries surrounding the lung (Sakhtianchi et al., 2013).   

Paracellular translocation of particles could be exacerbated by pulmonary inflammation 

triggering changes in membrane permeability allowing for further particle movement (Harder 

et al., 2005).  A number of nanoparticles including TiO2, Fe2O3 ZnO have been shown to be 

cytotoxic or to disrupt the integrity of the tight junctions, potentially enabling the paracellular 

transport of particles (Al-Qadi, Grenha, Carrion-Recio, Seijo, & Remunan-Lopez, 2011; Apopa et 

al., 2009; Kim et al., 2010).  Further investigation into the permeability of the alveolar-capillary 

barrier following NP exposure is required considering the probability of increased paracellular 

transport influencing particle translocation.   
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Figure 1.4.2  Particle translocation across the alveolar epithelium to the circulation.  It is 
thought that nanoparticles may pass this barrier via either paracellular or transcellular 
movement.  The rate of nanoparticle uptake or increased barrier permeability is therefore likely 
to impact on particle translocation. 

Translocation of particles into the circulation may have downstream cardiovascular effects via 

direct NP interaction with circulating cells.  In in vitro studies of human platelets, it has been 

shown that SWCNTs can induce partial platelet aggregation. Interestingly, the same study 

demonstrated that a mix of amorphous carbon and C60 carbon spheres resulted in complete 

platelet aggregation and granular release (Radomski et al., 2005), suggesting size and shape 

play an important role in the physiological response.  It was hypothesised that CNTs stimulate 

aggregation by mimicking molecular bridges involved in platelet–platelet interactions or 

alternatively that this is an effect of the electrical charge of the particle or an indirect effect of 

ROS present on the CNT surface.  A further in vivo study using Wistar-Kyoto rats confirmed that 

PM (50µg/ml) instilled into the femoral vein induced thrombosis, indicated by the analysis of 

blood flow in the carotid artery using an ultrasonic flow probe (Radomski et al., 2005).  Similar 

findings have also been observed using polystyrene nanoparticles (PLNPs) (Smyth et al., 2014).  

In this study increased platelet aggregation was observed both in in vitro and in vivo models 

however the severity of the reaction was dependent on both NP size and surface chemistry.  Of 

the 50nm PLNPs tested, carboxyl-modified cPLNPs were the most potent, and unmodified 
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uPLNPs the least, whereas comparison of 100nm PLNPs showed uPLNPs to be the most potent 

and cPLNPs the least (Smyth et al., 2014).   

Direct NP interactions with the heart following inhalation are unlikely to initiate toxicity due to 

factors such as the relatively low number of particles passing the blood-gas barrier, the dilution 

effect due to distribution through the blood, and the likely uptake of any blood-borne particles 

by the reticulo-endothelial system (Seaton et al., 2010).  Intravenously administered NPs would 

have access to the heart via the vasculature, however there is still little evidence to suggest that 

direct cardiac toxicity (eg. via cardiomyocyte dysfunction) is responsible for the adverse 

cardiovascular effects observed following NP exposure. It is therefore deemed far more likely 

that toxicity as a result of direct NP interaction with the vascular system is due to responses in 

circulating cells, as described above, or endothelial cells.  Endothelial activation as a result of 

direct or indirect NP exposure is a serious risk factor for developing a number of cardiovascular 

diseases including hypertension, coronary artery disease, chronic heart failure, peripheral 

artery disease, diabetes, and chronic renal failure (Endemann & Schiffrin, 2004).  The 

endothelium is known to release both pro-inflammatory cytokines such as IL-6, IL-8 and TNFα 

and pro-thrombotic mediators such as tissue factor, thrombin, fibrinogen, von Willebrand factor 

and plasminogen activator inhibitor-1 (PAI-1) upon activation, all of which may be implicated in 

thrombosis, and possibly myocardial infarction if the thombus ruptures (Shannahan et al., 2012; 

Shantsila & Lip, 2009; Sun et al., 2011; Walker et al., 2009). As such, these findings have raised 

important concerns regarding the use of nanomaterials in medicines which will have ready 

access to the circulatory system.  Robust human models are therefore required to test the safety 

of these potential nanomedicines, especially considering their potential to interact with the 

endothelium. 



39 
 

Indirect cardiovascular toxicity via pulmonary mediators 

Aside from the potential of nanoparticles to translocate into the circulation following inhalation, 

there are also less obvious, but equally concerning, indirect effects of NP inhalation.  It is 

hypothesised that some of the adverse cardiovascular events observed following pulmonary 

exposure may be initiated by local events in the lung.  These events are thought to include the 

release of inflammatory mediators, ROS and oxidised proteins and macromolecules.  Oxidised 

proteins and macromolecules activate the receptor for advanced glycolation endproducts RAGE 

and leptin-like oxidized low-density lipoprotein receptor-1 LOX-1.  Activation of RAGE initiates 

leukocyte adhesion and contributes to the development of atherosclerosis while LOX-1 

activation causes increased vascular inflammation through monocyte and foam cell recruitment 

eventually leading to atherosclerosis (Shannahan et al., 2012).  

Cytokines released into the circulation as a consequence of pulmonary toxicity are implicated in 

endothelial activation, myocardial inflammation and activation of the complement system. 

Subsequent release of pro-thrombotic and vasoactive mediators induced by increased levels of 

circulating pro-inflammatory cytokines can also induce events including thrombosis, 

atherosclerosis and altered cardiac rhythm, (Nemmar, Hoylaerts, Hoet, & Nemery, 2004; 

Shannahan et al., 2012).  Many of the inflammatory mediators observed following NP exposure, 

such as TNFα and IL-6, are associated with the release of pro-thrombotic factors and the 

development of cardiovascular disease (Xu, Lupu, & Esmon, 2010).  

Mediators released as a consequence of pulmonary toxicity are also implicated in the induction 

of the acute phase response (Bourdon et al., 2012; Saber et al., 2014; Sun et al., 2011).  The acute 

phase response is a systemic innate immune response initiated when inflammatory cytokines 

stimulate the liver to produce a number of proteins including C-reactive protein (CRP), 

Fibrinogen and Factor VII, all of which are known risk factors for myocardial infarction 

(Shannahan et al., 2012).  The acute phase response has been shown to be initiated following 

the inhalation of a number or materials; increased CRP was observed in individuals exposed to 
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high levels of PM10 (Seaton et al., 1999), and rodents exposed to materials including diesel 

exhaust particles, amphibole asbestos and SWCNTs showed evidence of an acute-phase 

response (Donaldson, Stone, Seaton, & MacNee, 2001; Shannahan et al., 2012; Simeonova & 

Erdely, 2009).  The acute phase response is associated with diabetes, myocardial infarction and 

cardiovascular disease (Shannahan et al., 2012).   

Changes in the levels of the vasorelaxant nitric oxide (NO) and the vasoconstrictor endothelin 

have also been linked with NP inhalation exposure.  NO is produced in the lung following PM 

exposure (Becher et al., 2007; Yokohira et al., 2009); however, it has a short half-life and is 

therefore unlikely to have a vasorelaxant effect on the systemic vasculature (Shannahan et al., 

2012).  In the vasculature, NO is primarily produced by endogenous nitric oxide synthase 

(eNOS) within endothelial and smooth muscle cells. Although there is some evidence from 

rodent studies that DEP exposure inhibits NO-dependent vasorelaxation (Knuckles, Lund, Lucas, 

& Campen, 2008), the literature is not sufficient to determine the extent of, or mechanisms 

underlying NP induced vasoconstriction. Particle-induced vasoconstriction and the blood 

pressure changes this induces could result in impaired cardiac function, and potentially, 

thrombus rupture (Shannahan et al., 2012).  It is clear that it is crucial to comprehensively study 

the local pulmonary response to NP exposure to fully understand what systemic events may be 

initiated. 

1.5. Carbon nanotubes 

One of the most promising and economically important of the engineered NPs are carbon 

nanotubes, first described by the Japanese electron microscopist Iijima in 1991 (Iijima, 1991).  

These are fullerene related structures which consist of multiple cylindrical sheets of graphene.  

The arrangement of the carbon atoms within the structure lends these materials astonishing 

mechanical, electrical and thermal properties  (Lau & Hui, 2002).  Due to these unique 

properties they have gained significant commercial interest and are currently being used and 
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developed for incorporation into diverse areas including construction, electronics and even 

medicine (De Volder, Tawfick, Baughman, & Hart, 2013).   By 2016 the global market for CNTs is 

projected to increase from $192 million in 2011 to $527 million, of which the market for multi-

walled carbon nanotubes (MWCNTs) represents the greatest proportion at 41.56% ($292 

million) (data from BCC Research, USA, http://www.bccresearch.com/).  The increase in CNT 

production has however ignited health concerns surrounding both the workplace exposure risk 

and potential exposure risk to the general public (Donaldson et al., 2006).  

Carbon nanotubes in medicine 

Of particular relevance to purposeful human exposure is the use of carbon nanotubes in 

medicine, as this provides a direct route of entry for CNTs into the human body.  Carbon 

nanotubes have attracted global attention as potential therapeutic agents due to their unique 

properties, including their ability to interact with macromolecules such as protein and DNA 

through either covalent or adsorptive interactions (Ali-Boucetta & Kostarelos, 2013a; Bianco, 

Kostarelos, Partidos, & Prato, 2005; Foldvari & Bagonluri, 2008).  They have been proposed for 

use as biosensors (Atashbar, Bejcek, Singamaneni, & Santucci, 2004; Balasubramanian & 

Burghard, 2006; Wohlstadter et al., 2003), ion channel blockers (K. H. Park, Chhowalla, Iqbal, & 

Sesti, 2003), biological scaffolds (Abarrategi et al., 2008; Edwards, Werkmeister, & Ramshaw, 

2009; Zanello, Zhao, Hu, & Haddon, 2006) and drug delivery molecules (Foldvari & Bagonluri, 

2008; Scheinberg et al., 2013; Wong et al., 2013). 

In oncology research, it has been demonstrated that functionalised carbon nanotubes are able to 

target tumour tissue;  Liu et al (2007) used a potent integrin αvβ3 antagonist to actively target 

single walled carbon nanotubes to integrin αvβ3–positive U87MG human glioblastoma cells 

injected into a mouse.  Furthermore,  CNTs can passively accumulate in tumour tissue as a result 

of poorly formed, leaky vasculature supplying the rapidly proliferating tumour and diminished 

lymphatic drainage, a phenomenon known as the enhanced permeability and retention (EPR) 
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effect  (X. Liu et al., 2011; Maeda, 2001).  CNTs can be functionalised with specific anticancer 

therapeutics, many of which have shown to have increased efficacy when bound to CNTs, due in 

part, to the ability of CNTs to traverse biological membranes, retaining their drug load until 

inside the cell (Ali-Boucetta et al., 2008; Feazell, Nakayama-Ratchford, Dai, & Lippard, 2007; 

Pastorin et al., 2006; Wong et al., 2013).   Liu, et al., (2008) demonstrated that paclitaxel (PTX), a 

widely used chemotherapeutic drug, was more efficacious at suppressing tumour growth in a 

murine breast cancer model, when conjugated to PEG chains on SWCNTs than the clinical drug 

formulation Taxol.  This was attributed to improved solubility, longer circulation time and 

increased tumour uptake of PTX conjugated PEG-SWCNTs. It has also been demonstrated that it 

is possible to destroy tumour tissue using CNTs by exploiting their ability to absorb and convert 

electromagnetic radiation into heat energy using photothermal therapy (Moon, Lee, & Choi, 

2009; Zhou, Wu, Wu, Chen, & Xing, 2011)- 

In drug delivery, CNTs have been used to control and target therapeutics to improve the 

pharmacological activity of bioactive molecules whilst simultaneously diminishing off-target 

effects (Wong et al., 2013).  In addition to chemotherapeutic drugs, CNTs have been developed 

to carry a range of molecules with medicinal value including antimicrobials (Benincasa et al., 

2011; Wu et al., 2005), vaccines (Pantarotto et al., 2003), antibodies (McDevitt et al., 2007) and 

siRNA (Podesta et al., 2009).  Carbon nanotubes are, by nature, very insoluble molecules which 

can present difficulties when generating drug delivery formulations (Bianco et al., 2005).  CNTs 

are therefore not only functionalised with the intention of attaching therapeutic molecules but 

they are also functionalised to improve their solubility. There are a number of different 

approaches to improving the solubility of CNTs, however many of these methods severely affect 

the graphitic framework of the CNT molecule (Shu Chen et al., 2014; Menzel et al., 2010).  

Traditional wet-chemical reactions allow the introduction of a wide range of functional surface 

groups, however these also frequently damage the intrinsic CNT properties of interest. 

Furthermore these methods are time consuming, inconvenient and generate large volumes of 

waste consisting of toxic organic solvent or corrosive mineral acids which can significantly limit 
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the economical viability of these approaches (Menzel et al., 2010).  Thus, there is a drive to 

discover alternative methods of generating functionalised CNTs with improved solubility, for 

biomedical applications, and discovering the bioreactivity of these molecules (Shu Chen et al., 

2014).   

Toxicology of carbon nanotubes 

Due to the increasing utilisation of carbon nanotubes in a number of industries there has been 

an increased research effort to understand the toxic potential of these materials.  Initial safety 

concerns were raised due to the fibrous nature of the material, with many drawing comparisons 

between CNTs and the known carcinogenic fibre, asbestos (Donaldson et al., 2013).  Initial 

results were indeed concerning as granuloma formation was observed following CNT exposure 

in murine inhalation studies (Lam, James, McCluskey, & Hunter, 2004; Ma-Hock et al., 2009).  

Furthermore, early murine studies showed that CNTs were persistent in the lung for up to 60 

days post-exposure and induced pulmonary inflammation, oxidative stress and early onset of 

lung fibrosis (Muller et al., 2005; Shvedova et al., 2005).  It has since been shown however that 

CNT toxicity is a complex process with a number of factors influencing the bioreactivity of the 

material, including CNT length, presence of metal impurities, surface modifications and 

structure (Liu, Zhao, Sun, & Chen, 2013).   

Increasing research has demonstrated that one of the most important factors underlying CNT 

toxicity is the degree of impurities, especially catalyst metal contaminants such as the transition 

metals iron, yttrium, nickel, molybdenum and cobalt (Liu et al., 2013).  CNTs with fewer metal 

impurities have been shown to be less toxic than their impure counterparts, an effect which has 

been hypothesised to be due to the oxidative nature of the impurities (Fenoglio et al., 2008; Ge, 

Li, et al., 2012). Similarly, long carbon nanotubes are thought to be more toxic, due in part to the 

inability of macrophages to successfully engulf and remove these particles (Sato et al., 2005; 

Sweeney et al., 2014).   Short multi-walled CNTs or single-walled CNTs have been shown by 
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Yamashita et al (2010) to induce less DNA damage and inflammation than long multi-walled 

CNTs in an in vitro lung carcinoma cell line.  CNTs with higher stiffness and rigidity also tend 

towards agglomeration, another feature which has been associated with increase CNT toxicity 

(Wick et al., 2007).  CNTs for medical application have therefore been developed that not only 

contain functional groups and are easily dispersed, but also contain low levels of impurities, are 

of a shorter length and exist as individual fibres rather than large agglomerates (Battigelli, 

Ménard-Moyon, Da Ros, Prato, & Bianco, 2013; Kostarelos, 2008). 

Outside of the pulmonary system, in vivo studies have demonstrated that inhaled CNTs can 

induce vascular thrombosis, altered baroreflex, atherosclerosis and aortic mtDNA damage 

(Legramante et al., 2009; Z. Li et al., 2007; Radomski et al., 2005).   Li et al (2007) observed that 

intratracheally administered CNTs elicited an oxidative response in the vasculature of mice, and 

furthermore, in an ApoE-/- mouse model, SWCNTs administered over an 8 week period 

significantly increased atheroma formation. Similarly, in vivo murine studies demonstrated that 

intra-tracheally instilled MWCNTs induced pulmonary inflammation, resulting in platelet 

activation and P-selectin mediated thrombosis (Nemmar et al., 2007). The adverse 

cardiovascular health observed following inhalation exposures may be due to the 

interconnectivity of the pulmonary and cardiovascular systems where inflammatory signals are 

readily relayed, however it has also been hypothesised that this effect may be due to direct CNT 

interactions with the cardiovascular system following CNT traversal of the blood-gas barrier 

(Shannahan et al., 2012), however this is yet to be fully elucidated. 

Systemic distribution of CNTs 

Due to their small diameter, carbon nanotubes penetrate deeper into the lungs, while very long 

fibres (>20µm) predominantly remain in the upper airways  (Hoet, Brüske-Hohlfeld, & Salata, 

2004; Lippmann, 1990; Oberdörster, 2000, 2002).  Mercer et al (2013) discovered that CNTs 

administered to mice via inhalation were evident 12 days after exposure, not only in lung 
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associated tissues (lymph nodes, diaphragm and chest wall) but also in extra-pulmonary organs.  

Individual MWCNT fibres were observed to be persistent in the brain, liver, kidney and heart of 

mice at 336 days following the initial exposure.  A number of other studies have also observed 

CNTs in distant organs following pulmonary exposure using a variety of approaches including 

radiolabelled CNTs (Czarny et al., 2014) and raman spectroscopy (Ingle et al., 2012). 

Conversely, intravenous administered CNTs are frequently observed in large quantities in the 

pulmonary region (Chen et al., 2015). CNTs are thought to become initially trapped in the lung 

due to the large reservoir of blood in the area, and subsequent entrapment in the fine 

pulmonary microvasculature (Yang et al., 2007).  CNT length typically exceeds the renal 

excretion threshold; only small CNTs (<50 nm in length, diameter 1–2 nm) are thought to be 

excreted via the urine (Liu, Davis, et al., 2008).  

Functionalisation of CNTs may also influence their biodistribution as well as their reactivity; 

pristine or non-covalently functionalised CNTs were shown to accumulate predominately in the 

mouse liver, spleen and lungs following intravenous instillation whereas covalent 

functionalisation of CNTs promoted urinary excretion (Ali-Boucetta & Kostarelos, 2013b; Jain et 

al., 2011).  A second study showed that intravenously injected MWNTs showed less 

accumulation in tissues following a higher degree of MWNT-NH3+ functionalisation. Pristine 

MWNTs coated with serum proteins prior to injection accumulated almost entirely in the lung 

and liver in large dark clusters (Lacerda et al., 2008).  Al-Jamal et al (2012) also described how 

the degree of CNT functionalisation can affect the biodistribution of intravenously administered 

material in mice.  The organ distribution and excretion profile was dependent on the degree of 

chemical functionalisation, which was hypothesised to impact on the number of CNTs present as 

individual fibres.  Only individualised CNTs with a diameter of 20-30nm could be excreted via 

the kidney, while liver accumulation was attributed to in vivo CNT bundling.  All functionalised 

MWNTs were observed within the lung however some MWNTs translocated from the lung to 
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the spleen whilst those present as large clusters remained in the lung up to 30 days post-

exposure (Al-Jamal et al., 2012). 

These in vivo studies provide clear evidence that both intratracheally and intravenously 

administered CNTs may have a significant degree of interaction with the pulmonary 

microvasculature.  Current knowledge surrounding the interaction of CNTs with the human 

microvasculature is however extremely sparse and there is a lack of understanding on the 

importance of CNT functionalisation in is this reaction.  Due to the importance of cardiovascular 

events in CNT-mediated toxicity and the significance of endothelial activation it is therefore 

important to understand both the epithelial and the endothelial toxicity of these materials. 
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1.6. Rationale 

CNTs have been shown to induce adverse cardiovascular events following both pulmonary and 

intravenous exposure in animals; however, how this relates to human exposure, and the 

mechanisms underlying the adverse events, are currently unclear. Inhaled CNTs are 

hypothesised to induce indirect effects as a result of pulmonary toxicity but have also been 

shown to translocate to systemic organs providing the opportunity for direct CNT interaction 

with the cardiovascular system. 

Due to the increased interest in the potential use of CNTs for biomedical applications, and 

evidence that CNTs introduced intravenously can become entrapped in the microvasculature 

surrounding the lungs, it is crucial to understand the nature of CNT interactions at the blood-gas 

barrier to appreciate the safety risks of these materials. Thus this study will investigate the 

interaction of a suite of CNTs at both the alveolar and vascular interface using in vitro human 

cell models.   

As CNTs are inherently non-soluble it is necessary for these materials to be modified to improve 

their solubility for use as medicinal products.  This work will describe the bioreactivity of CNTs 

made water-stable using the following methods: 

 a conventional acid-oxidation method (generating CNT structural changes),  

 a novel grafting-from thermochemical reaction to improve water-stability through 

covalent functionalisation of the CNT surface without damaging the structural integrity 

of the CNT  

 a non-modified CNT control. 
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2.  METHODS 

2.1 Ethics statement  

All primary tissue used in this study was obtained following resection for lung carcinoma. 

Written informed consent was obtained from patients for all samples and the study was carried 

out with the approval of the Royal Brompton and Harefield Ethical Committee (Ref: 

08/H0708/73).  Transfer of primary tissue was through the BRU Biobank which is supported by 

the National Institute for Health Research (NIHR). 

2.2. Cell isolation and culture 

Culture of immortalised human alveolar type 1-like epithelial cells (TT1s) 

Immortalised human alveolar type 1-like epithelial cells  (TT1) (Kemp et al., 2008) were 

cultured on tissue culture plates in Defined Cell Culture Medium-1 (DCCM-1) media (Biological 

Industries, Beit-Haemek, Isreal) containing 10% newborn calf serum (NCS), 100 U/ml penicillin, 

100 mg/ml streptomycin and 2 mM glutamine (Sigma-Aldrich, Poole, UK).  For experiments TT1 

cells were seeded at 24,000 cells per cm2 and grown to confluence prior to carbon nanotube 

(CNT) exposures. 

Isolation and culture of primary human alveolar type-2 epithelial cells (AT2s) 

Alveolar type 2 epithelial cells (AT2) were isolated from healthy regions of lung tissue following 

surgical resection for lung carcinoma using the protocol described by Witherden and Tetley 

(Witherden & Tetley, 2001).  Briefly, to remove excess blood and macrophages, lung sections 

were perfused by injection of Hank's Balanced Salt Solution (HBSS) (Sigma-Aldrich, Poole, UK) 

until the draining lavage ran clear.  The tissue was then digested with trypsin (Sigma-Aldrich, 

Poole, UK) and DNase (Sigma-Aldrich, Poole, UK), followed by mechanical disruption.  This 
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tissue was then passed through a series of filters of decreasing size to remove large cell/tissue 

debris.  The cell suspension was then centrifuged and resuspended in DCCM-1 media, and AT2 

cells were purified by differential adherence to remove any remaining macrophages. 

Cells were seeded at a concentration of 210,000 cells per cm2 on tissue culture plates that had 

been previously treated with 1% PureCol collagen solution (Advanced BioMatrix, San Diego, 

USA) and allowed to air dry.  Cells were cultured in DCCM-1 containing 10% newborn calf 

serum (NCS), 100 U/ml penicillin, 100 mg/ml streptomycin and 2 mM glutamine (Sigma-

Aldrich, Poole, UK).   

AT2s typically formed a monolayer 2-3 days after seeding; once a monolayer had formed the 

cells were then cultured in serum-free media for 24 hours prior to nanoparticle exposure.  

Experimental procedures were not performed on cells older than 7 days as typically there is a 

significant change from the AT2 to the AT1 phenotype beyond this time.  Purity of AT2 

monolayers was confirmed by positive staining for AT2 markers including alkaline phosphatase 

and surfactant proteins A and D (Section 3.2). 

Isolation and culture of primary human pulmonary microvascular endothelial cells (HPMVECs) 

HPMVECs were isolated from healthy regions of lung tissue following surgical resection.  A 

mixed, mostly single cell population was achieved using the method described above.  The cell 

suspension was transferred to a T-75 culture flask for 30 minutes to allow contaminating 

macrophages to adhere and the cell suspension was then transferred to a new T-75 for a further 

90 minutes to allow HPMVECs to adhere.  At this point non-adherent cells were removed and 

the media was replaced with Microvascular Endothelial Growth Media-2 (EGM-2 MV) (Lonza, 

Slough, UK).  The flasks were cultured for 3-7 days until 70% confluent and endothelial cells 

were isolated using αCD31-conjugated Dynabeads.   

Generation of αCD31-conjugated Dynabeads was achieved by incubating Dynabeads protein G 

(Invitrogen, Paisely, UK) with CD31 antibody (AbD Serotec, Kidlington, UK) using a modified 
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version of the manufacturers protocol (Invitrogen, Paisely, UK).  Briefly, 50µl Dynabeads were 

suspended in 1ml 0.1% BSA in Dulbecco’s PBS (buffer 1) and separated by magnetism.  The 

supernatant was discarded and the resulting pellet was resuspended in 1ml buffer 1.  Following 

a second magentic separation, the supernatant was discarded and Dynabeads were incubated 

with 2µg CD31 in buffer 1 with rotation for 10 minutes.  CD31 conjugated Dynabeads were 

washed three times with 1ml buffer 1 prior to incubation with cells using the magnetic 

seperation method described above. 

Cells were removed from culture flasks using TrypLE Select (Invitrogen, Paisely, UK) and 

centrifuged for 10 minutes at 490 x g.  Pelleted cells were resuspended in 1ml buffer 1 and 

incubated with CD31-conjugated Dynabeads for 20 minutes at 4°C with gentle rotation.  CD31 

positive cells were then isolated using magnetism and washed 3 times in buffer 1.  CD31 

positive cells were then resuspended in EGM-2 MV, and cultured in tissue culture flasks. 

Fresh EGM-2 MV was added every two days and HPMVECs were sub-cultured at a ratio of 1:6 

with TrypLE select (Invitrogen, Paisely, UK) treatment of the confluent monolayer.  After a 

second isolation with CD31-conjugated Dynabeads, cells were shown to be positive for 

endothelial markers including CD31, vascular endothelial (VE)-cadherin and endothelin-1(ET-

1) (Section 3.2). For experiments, HPMVECs were seeded at 30,000 cells per cm2 and grown to 

confluency prior to nanoparticle exposures.  

Isolation and culture of human lung fibroblasts 

Human lung fibroblasts (HLFs) were used as a control cell for the Endothelin-1 ELISA.  These 

cells were isolated from healthy regions of lung tissue following surgical resection.  A mixed, cell 

population was achieved by enzyme digestion and mechanical disruption as described in 

section 2.2 "Isolation and culture of primary human alveolar type-2 epithelial cells (AT2s)".  The 

cell suspension was transferred to a T-75 culture flask for 30 minutes to allow contaminating 

macrophages to adhere and the cell suspension, plus 10% newborn calf serum, was transferred 
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to a new T-75 for a further 90 minutes to allow HLFs to adhere.  At this point non-adherent cells 

were removed and the medium was replaced with Dulbecco’s Modified Eagle’s Medium (DMEM) 

containing 10% newborn calf serum (NCS), 100 U/ml penicillin, 100 mg/ml streptomycin and 2 

mM glutamine.   

HLFs were typically cultured for 7-14 days following isolation and medium was changed every 

three days.  Cells were seeded at 30,000/cm2 and used at passage 3-8. 

The morphology of cultured cells was typical of HLFs and furthermore these cells did not 

express the endothelial cell marker endothelin-1 (ET-1), as determined using the Endothelin-1 

ELISA (see page 67). 

Culture of the monocytic cell line U937 and its use in HPMVEC-U937 co-cultures 

The monocytic cell line U937 was used in the HPMVEC-U937 co-cultures, to assay monocyte 

adhesion to the endothelial surface following MWNT exposure.  Passage 24 to 30 of U937 were 

cultured in suspension in RPMI media containing 10% foetal calf serum (FCS), 100 U/ml 

penicillin, 100 mg/ml streptomycin and 2 mM glutamine.  Cells were a kind gift from Miss Agata 

Nyga.   

For the HPMVEC-U937 co-cultures, HPMVECs were cultured as described in section 2.2 

“Isolation and culture of primary human pulmonary microvascular cells (HPMVECs)“ in a 24 

well plate.  At confluency, HPMVECs were exposed to MWNTs as described in section 2.3 for 4 

hours, followed by a wash with pre-warmed PBS.  At this stage HPMVEC were incubated with 

fluorescently-labelled U937 cells. 

U937 cells were fluorescently labelled by incubating the U937 cell suspensions (500,000 

cells/ml) with Alexa Fluor 488-wheat germ agglutinin (WGA)  (Invitrogen, Paisely, UK) at 

10µg/ml for 15 mins.  The cells were then washed by centrifugation for 10 minutes at 490 x g 

followed by pellet resuspension in 10ml PBS.  This wash step was then repeated and following a 
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third centrifugation for 10 minutes at 490 x g the pellet was resuspended in RPMI media 

containing 10% foetal calf serum (FCS), 100 U/ml penicillin, 100 mg/ml streptomycin and 2 mM 

glutamine.  500,000 U937 cells were applied to each well of the MWNT-exposed HPMVEC 

cultures and the cells were co-cultured for 3 hours at 37ºC.  The supernatant was then removed 

and cells were washed with pre-warmed PBS to removed non-adherent cells.  Cells were fixed 

with 4% paraformaldehyde (PFA) (Sigma-Aldrich, Poole, UK) for ten minutes before three 

further PBS washes.  Adherent fluorescent cells were visualised using the Zeiss Axiovert 200 

fluorescent microscope. 

2.3. Nanoparticle preparation 

In order to attach functional groups to the surface of MWNT, a novel method was employed that 

involved a series of chemical reactions.  This was carried out by Dr Shu Chen and Hu Sheng 

under the supervision of Prof Milo Shaffer at Imperial College London (Shu Chen et al., 2014) 

MWNTs (diameter 12.1 nm, s.d. 3.7) synthesised via chemical vapour deposition (CVD) were 

purchased from Arkema SA (Lacq-Mourenx, France).  MWNT functionalisation was performed 

using a novel thermochemical grafting method.  Briefly, this involved heating the MWNTs to 

1000°C under vacuum to create “activated” MWNTs.  The heat activation of MWNTs exploits 

existing defective groups on the MWNT surface,  which decompose at high temperatures and 

generate free radicals (Menzel et al., 2010). After heat activation MWNTs are cooled under 

vacuum and incubated with the reactant overnight to allow for functionalisation of the MWNT 

through covalent grafting of monomers.  Any reactant that has not grafted to the MWNT surface 

is removed through a series of filtrations and washes.  Details of the functionalised MWNTs and 

nomenclature used in this study can be found in Appendix I (Shu Chen et al., 2014). 

An acid oxidised (AO)-MWNT sample was also included in the study as AO-MWNT are the most 

commonly used MWNT used in biological studies.  AO-MWNTs remain dispersed in an aqueous 
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medium and have a large number of highly reactive –COOH groups on the nanotube surface 

providing sites for surface functionalisation.   

To generate AO-MWNTs, a mix of sulphuric acid and nitric acid (3:1) was heated to 120°C in the 

presence of MWNTs for 30 minutes.  Carbonaceous debris was removed using a base wash, and 

the AO-MWNTs were purified using a series of washes (Shu Chen et al., 2014). 

Sample Sample 
Code 

Zeta-
potential 
(mV) in pH7 
HPLC water 

Grafting 
ratio 
(wt%) 

IEP D/G ratio 

As Received AR -10.0±1.6  4.9 1.09±0.03 

Thermochemically treated 
control 

TTC     

Poly(4-vinylpyridine) P(4-VP) -0.1±6.4 4.1 7.0 1.13±0.02 

Poly(N-methyl 4-
vinylpyridine iodide) 

P(M4-VP) 8.7±2.4 8.7 9.8 1.16±0.03 

Poly((Poly)ethyleneglycol 
methacrylate) 

P(PEGMA) -7.8±5.3 18.3 4.6 1.14±0.09 

Poly(methacrylic acid) P(MAA) -17.2±1.3 3.4 4.3 1.04±0.07 

Acid Oxidised AO    1.51±0.09 

Table 2.3.1 Summary of f-MWNTs used in the study.  Zeta potential is a key indicator of the 
stability of colloidal dispersions, grafting ratio is an indicator of the ratio of the weight of 
functional groups to the weight of the MWNT, isoelectric point (IEP) is the pH at which the f-
MWNT carries no net electrical charge and the D/G ratio is achieved using Raman spectroscopy 
and provides information on the degree of damage to the MWNT structure. 

MWNTs were diluted to a stock concentration of 1mg/ml in DCCM-1 cell culture medium, 

vortexed for 1 minute and sonicated in a water bath (42 kHz, 135 W, VWR International, USA) 

for 10 minutes.  MWNTs were then diluted to the required concentration 0-50µg/ml in DCCM-1 

medium, and sonicated briefly immediately prior to application to the cells. 

Where a single concentration was used to compare the effects of f-MWNTs, a concentration of 

10µg/ml was chosen as this reflects a concentration that is being used in rodent studies 

investigating  the safety of MWNTs for imaging, biodistribution studies and direct tumour 
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injection (Pacurari et al., 2012).  To study the hepatotoxicity of MWNT, Ji et al (2009) 

intravenously administered MWNT to Kunming mice at a dose of 250µg - 1.5mg MWNT/ml 

blood (10-60mg/kg b.w., ~25g b.w., 1ml blood/animal).  In addition,  Deng et al (2007) studied 

the translocation and fate of MWNT also using Kunming mice and doses from 10µg to 2mg 

MWNT/ml blood with no observed mortality.  Lacerda et al (2008) studied MWNT distribution 

in nude rats following a 20µg MWNT/ml blood exposure (300µg MWNT/rat, ~200g b.w., 15ml 

blood/animal).  Xu et al 2012 used a lower dose range of 0.67-2.67µg MWNT/ml blood (50- 

200µg/kg b.w., ~200g b.w., 15ml blood/animal), however the higher concentration induced a 

significant exacerbation of atheromatous lesions and lipid deposition in the aortic intima 

(p<0.01).  The concentration of 10µg/ml was therefore deemed to be a reasonable exposure 

dose which is comparable to many in vivo studies. 

2.4. Antioxidant treatment of cells 

To test the effect of antioxidants on cell reactivity, cells were treated with either 5mM N-

acetylcysteine (NAC), 1mM glutathione (GSH) or 100µM ascorbic acid for 30 mins prior to 

MWNT exposure.  MWNT were resuspended in medium containing the aforementioned 

concentrations of antioxidants for the duration of the experiment. 

2.5. Alkaline phosphatase assay 

In order to confirm the phenotype of AT2 cells, alkaline phosphatase (AP) staining was 

performed.  Alkaline phosphatase staining is widely accepted as a positive marker for the 

alveolar type 2 epithelial cell (AT2) phenotype (Witherden & Tetley, 2001; Witherden et al., 

2004).  In the presence of fast red violet LB salt, alkaline phosphatase will hydrolyse napthol-

AS-bisphophate to produce a red precipitate.  The alkaline phosphatase assay was carried out as 

previously described (Witherden & Tetley, 2001); briefly, 10mg napthol-AS-bisphophate 

(Sigma-Aldrich, Poole, UK) was dissolved in 40µl dimethyl sulphoxide (Sigma-Aldrich, Poole, 
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UK) and diluted to a final volume of 10ml with alkaline phosphatase buffer (0.625M MgCl 

(Sigma-Aldrich, Poole, UK), 0.125M amino methyl propanol (Sigma-Aldrich, Poole, UK) in 

distilled water, pH 8.9).  10mg fast red violet LB salt (Sigma-Aldrich, Poole, UK) was added, the 

solution was vortexed and incubated at room temperature for five minutes, before being passed 

through a 0.22µm syringe filter.  This solution was then immediately applied to the cells and 

incubated at 37°C for 20 minutes and the presence or absence of the stain was qualitatively 

assessed by light microscopy. 

2.6. Angiogenesis/tube formation assay 

Endothelial cells grown on BD Matrigel will spontaneously form tube like structures, therefore 

tube formation on BD matrigel can be used a marker of a positive endothelial cell phenotype.   

BD Matrigel Basement Membrane Matrix (BD Biosciences, Oxford, UK) is extracted from the 

Engelbreth-Holm-Swarm (EHS) mouse sarcoma, and is a solubilised basement membrane rich 

in extracellular matrix proteins; its major component is laminin, followed by collagen IV and 

heparan.  BD Matrigel Basement Membrane Matrix also contains a number of other cellular 

proteins which occur naturally in the EHS sarcoma, including TGF-beta, epidermal growth 

factor, insulin-like growth factor and fibroblast growth factor.  

For the angiogenesis tube formation assay Matrigel was defrosted on ice and 10µl/well was 

transferred onto a µ-slide angiogenesis (Ibidi, Munich, Germany) using pre-chilled pipette tips.  

The gel was allowed to set at 37°C for 1 hour before 10,000 HPMVECs were added to each well 

in 50µl EGM-2 MV cell culture medium, in the presence or absence of carbon nanotubes.  Images 

were taken every 30mins for 6 hours. 

2.7. Immunocytochemistry 

Immunocytochemistry was used to characterise cell phenotypes, as well as to study changes in 

cell morphology in response to MWNT treatment. 
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For immunocytochemical staining, TT1 cells and HPMVECs were grown to confluence on an 8 

well Nunc® Lab-Tek® II Chamber Slide™ system (Thermo Fisher Scientific, East Grinstead, UK), 

AT2 cells were cultured on an 8 well µ-slide. All chamber slides were treated with 1% PureCol 

collagen solution (Advanced BioMatrix, San Diego, USA) and allowed to air dry prior to cell 

seeding.  Further investigations were carried out in mono- and co-culture on permeable 

membrane supports (polyester, 1.12cm2 growth surface area, 0.4µm pore size) (Appleton 

Woods, Brimingham, UK).  Cells were washed in PBS and fixed with 4% paraformaldehyde 

(PFA) for ten minutes before three more PBS washes.  HPMVEC cells were permeabilised with 

0.2% TritonX in PBS for 15mins, AT2 and TT1 cells were permeabilised with 0.2% TritonX in 

PBS for 50mins.  A blocking stage of one hour in 1% BSA in PBS was included before primary 

antibody incubation.  Primary antibodies were diluted in PBS containing 1% BSA (1:200) and 

incubated with the cells overnight at 4°C.  Cells were then washed three times with PBS and 

incubated with a flurochrome coupled secondary antibody in PBS containing 1% BSA (1:400) 

for one hour.  Unbound secondary antibody was removed with three PBS washes and cells were 

mounted and nuclei counterstained with DAPI containing Prolong Diamond Antifade Mountant 

(Invitrogen, Paisely, UK). Permeable filters were nuclear stained with 1µg/ml Hoescht (Sigma-

Aldrich, Poole, UK) followed by three PBS washes and mounting was achieved by cutting out the 

permeable filter, placing it onto a slide containing one drop of mounting media, covering the 

permeable filter with a second drop of mounting media and finally sealing with a cover slip.   

Confocal images were obtained using the Leica SP5 inverted confocal microscope at the Facility 

for Imaging by Light Microscopy (FILM) at Imperial College London. 

Primary antibodies  

Mouse polyclonal anti-human surfactant protein A (SPA), mouse monoclonal anti-human 

surfactant protein D (SPD) and podoplanin (T1α) and rabbit monoclonal aquaporin-5 (AQP-5) 

were purchased from Abcam (Cambridge, UK).  Mouse monoclonal anti-human CD44v6 and 
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CD31 (PECAM-1) were obtained from AbD Serotec (Kidlington, UK).  Mouse monoclonal anti-

human VE-cadherin and lysosome-associated membrane protein-2 (LAMP-2) were purchased 

from Santa Cruz (Heidelberg, Germany). Mouse monoclonal anti-human receptor for advanced 

glycation endproducts (RAGE) was purchased from Merck Millipore (Darmstadt, Germany) and 

rabbit polyclonal anti-human caveolin-1 from BD biosciences (Oxford,UK).   

Secondary antibodies 

The fluorochrome coupled secondary antibodies AlexaFluor 488 goat anti-rabbit, AlexaFluor 

594 goat anti-rabbit, AlexaFluor 568 goat anti-mouse, AlexaFluor 555 goat anti-rabbit and 

AlexaFluor 350 goat anti-mouse were obtained from Invitrogen (Paisley, UK).  FITC goat anti-

mouse was purchased from BD Biosciences (Oxford,UK).   

2.8. Viability assays 

MTS viability assay 

The MTS compound is reduced by dehydrogenase enzymes within living cells and can therefore 

be used as an indicator of metabolic activity and cell viability.  In the presence of an electron 

coupling reagent the reduction of this salt yields a soluble formazan product, the absorbance of 

which can be measured using a spectrophotometer.  In this study, cell viability was determined 

using the CellTiter 96® AQueous One Solution (MTS) reagent which contains the tetrazolium 

compound, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium and the electron coupling reagent, phenazine ethosulfate (PES).   

One hour prior to the end of the exposure period 1% Triton X was added as a control for 100% 

cell death.  All exposures were performed in triplicate, and the assay was carried out according 

to the manufacturer’s protocol.  Briefly, conditioned media was removed and replaced with a 

1:10 dilution of the MTS reagent in cell culture media.  Following a 1 hour incubation at 37°C, 
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5% CO2, media was transferred to a new 96 well plate and the absorbance was measured at 

492nm using a spectrophotometer (Tecan Infinite F50 plate reader).  

LDH (lactate dehydrogenase) cytotoxicity assay 

LDH is present in the cytoplasm of all cells and is released into the cell culture supernatant 

following damage to the plasma membrane.  As a result, the amount of LDH present in the cell 

culture supernatant is directly proportional to cell death. The LDH assay (Roche Applied 

Science, Mannheim, Germany) measures levels of the cytoplasmic enzyme lactate 

dehydrogenase (LDH).   

LDH activity is determined using an enzymatic test; initially NAD+ is converted to NADH/ H+ by 

the LDH catalysed conversion of lactate to pyruvate.  This is followed by the catalyst 

(diaphorase) depedent transfer of H/H+ from NADH/H+ to the tetrozolium salt INT which is 

then reduced to a formazan product (Figure 2.8.1).  The absorbance of the formazan product 

can be determined using a spectrophotometer. 

 

Figure 2.8.1  Schematic of the catalytic reaction involved in the LDH assay.  Lactate is 
catalytically converted to pyruvate by the enzyme lactate dehydrogenase (LDH).  This is followed 
by the catalyst (diaphorase) depedent transfer of H/H+ from NADH/H+ to the tetrozolium salt 
INT which is then reduced to a formazan product.  The absorbance of the formazan product can 
be determined using a spectrophotometer.  Image is taken from the LDH assay protocol (Roche 
Diagnostics Ltd., 2011). 
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The conditioned cell culture media removed prior to initiating the MTS assay were centrifuged 

at 1690 x g for 10mins in v-bottom plates to removed MWNT aggregates.  The absorbance of the 

supernatant alone at 490nm was then obtained using a Tecan Infinite F50 plate reader.  The 

LDH assay was then performed on the cell supernatants as per the manufacturers protocol, the 

background absorbance of the conditioned media alone was subtracted from the final 

absorbance value during analysis. 

BrDU cell proliferation assay 

The BrDU assay measures cell proliferation by quantifying incorporation of 5-bromo-2'-

deoxyuridine (BrdU) in place of thymidine in the genomic DNA of replicating cells.   Following 

cell fixation, DNA is denatured and an anti-BrDU-peroxidase enzyme is added.  This binds to the 

newly synthesised cellular DNA and the immune complexes are detected by TMB substrate 

reaction.  This produces a colorimetric result which correlates to the rate of DNA synthesis and 

can be read using a spectrophotometric plate reader. 

Following MWNT treatment, cells were washed with PBS and incubated with BrDu labelling 

reagent for 2 hours.  For this study the Cell Proliferation ELISA, BrdU (colorimetric) (Roche 

Applied Science, Mannheim, Germany) was used and the assay was carried out as per the 

manufacturer’s protocol.  Absorbance at 450nm was measured using a spectrophotometer 

(Tecan Infinite F50 plate reader). 

2.9. Particle uptake 

Transmission electron microscopy (TEM) 

TEM analysis was used to study nanoparticle uptake and was carried out by Dr Shu Chen 

(Imperial College London) and detailed in (Shu Chen et al., 2014).   
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Functionalised MWNTs were first sonicated in a water bath (45 kHz, 80W, VWR International, 

USA) in high performance liquid chromatography (HPLC) grade water for 15 min with an initial 

concentration of 1mg/ml MWNT.  The aggregates were removed by centrifugation (15 min at 

10,000 x g), and the supernatants, containing dispersed MWNTs were used for cell exposure 

studies. MWNTs were diluted to 5µg/ml in DCCM-1 media and sonicated immediately prior to 

application to TT1 cells. 

TT1 cells were seeded at 24,000 cells/cm2 on 24 well plates and grown to 100% confluency.  

Cells were then serum starved for 24h before exposure to MWNT suspensions. After the 24h 

exposure period, the cells were rinsed with HEPES buffer and fixed with 2.5% glutaraldehyde 

for 1h. The samples were then post-fixed in 1% osmium tetroxide for 30 min. Each sample was 

then dehydrated in a graded ethanol series of 50%, 70%, 90% and 100% (volume ratio of 

ethanol to distilled H2O) ethanol for 15 min (3x) each, at room temperature. After dehydration, 

samples were progressively infiltrated with 25% and 50% araldite resin/ethanol solution (Agar 

Scientific, UK) and each well was incubated for 15 min (2x), at room temperature. The 

specimens were then embedded into resin. The embedded cell monolayers were cut using an 

ultramicrotome with a 35° diamond knife to a thickness of 50-100nm. The obtained sections 

were observed in a JEOL 2000 transmission electron microscope operated at an accelerating 

voltage of 80kV. Multiple cells (>100 per sample) from three cell exposures were surveyed by 

TEM. 

Confocal microscopy 

Particle uptake in HPMVECs was assessed by confocal microscopy.  HPMVECs were seeded at 

30,000 cells/cm2 on an 8 well Nunc® Lab-Tek® II Chamber Slide™ system (Thermo Fisher 

Scientific, East Grinstead, UK) and grown to confluency. Prior to seeding, chamber slides were 

treated with 1% PureCol collagen solution (Advanced BioMatrix, San Diego, USA) and allowed to 

air dry.  HPMVECs were exposed to 10µg/ml AR, P(MAA), P(M4-VP), P(PEGMA) and AO-MWNTs 
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for 24 hours as detailed in section 2.3.  Following exposure, cells were washed in PBS and fixed 

with 4% paraformaldehyde (PFA) for ten minutes before three more PBS washes.  HPMVEC 

cells were permeabilised and immunostained using the lysosome-associated membrane 

protein-2 (LAMP-2) as detailed in section 2.7.  Nuclei were counterstained with DAPI containing 

Prolong Diamond Antifade Mountant (Invitrogen, Paisely, UK).   

Confocal images were obtained using the Zeiss LSM-510 inverted confocal microscope at the 

Facility for Imaging by Light Microscopy (FILM) at Imperial College London.  Co-localisation of 

MWNT aggregates visualised by dark field microscopy and immunofluroescent LAMP-2 was 

assessed using the FIJI image analysis software (Schindelin et al., 2012). 

2.10. Detecting reactive oxygen species (ROS) 

The fluorescent dye CM-H2DCFDA (Invitrogen, Paisely, UK) is a chloromethyl derivative of 

H2DCFDA, a commonly used indicator for reactive oxygen species (ROS) in cells. The 

chloromethyl derivative of H2DCFDA exhibits better retention in live cells, as once the dye has 

passively diffused into the cell, acetate groups are cleaved by intracellular esterases and thiol-

reactive chloromethyl groups react with intracellular glutathione and other thiols. Once the dye 

is inside the cell, oxidation yields a fluorescent adduct that can be measured as an indicator of 

ROS in the cell. 

The CM-H2DCFDA dye was diluted to a concentration of 1mM in anhydrous DMSO, before being 

diluted to a working concentration of 1µM in HBSS.  For this assay, cells were cultured in black 

96 well plates as described in section 2.2.  Following MWNT exposures, cells were washed three 

times in HBSS and incubated with the CM-H2DCFDA dye for 45 minutes.  Fluorescence was 

measured at excitation 485/20nm with emission 528/20nm, using the Synergy HT Multimode 

Microplate Reader. 
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2.11. Gene expression analysis 

In order to quantify the expression of genes of interest, RNA was extracted from treated and 

untreated cells.  Messenger RNA (mRNA) is an intermediary product that carries genetic 

information from DNA to the ribosome where it encodes the amino acid sequence of a protein 

product.  mRNA is therefore a useful indicator of gene expression levels as, unlike protein, it is 

not subject to post-translational modifications. 

RNA was converted by reverse transcription to the more stable complementary DNA (cDNA), a 

product which can be readily used in a real time quantitative polymerase chain reaction (qPCR).  

qPCR uses the signal from fluorescently labelled nucleotides; as nucleotides are incorporated 

into a DNA strand during the PCR reaction, the fluorescent signal will increase.  The level of 

fluorescence in each PCR cycle is compared to internal controls to determine the relative 

expression levels of each gene.  This study utilises SYBR green technology which employs a dye 

that fluoresces when bound to double stranded DNA; the more starting material, the earlier a 

fluorescent signal will be detected.    

RNA extraction 

Total RNA was isolated from HPMVEC, TT1 and AT2 cells using the E.Z.N.A Total RNA Kit 1 

(Omega Biotek, Norcross, USA).  For RNA isolation, HPMVECs were grown on 6 well plates and 

TT1 and AT2 cells on 24 well plates.  One well per condition was used for each RNA extraction.  

To each well 350µl TRK lysis buffer was added, which achieves near instant lysis of the cell and 

release of RNA.  Lysates were mixed with an equal volume of 70% ethanol and applied to a 

HiBand RNA column.  The column was centrifuged at 10,000 x g for one minute, before 

undergoing a series of washes as detailed in the manufacturers protocol.  Briefly, 500µl RNA 

wash buffer I was applied directly to the HiBand RNA column and centrifuged at 10,000 x g for 

60 seconds, followed by 2 washes with RNA wash buffer II where 500µl was applied directly to 

the HiBand RNA column and centrifuged at 10,000 x g for 60 seconds.  Finally the columns 
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containing bound and washed RNA were dried with a final centrifuge step and 50µl DEPC H2O 

was applied directly to the centre of the column matrix and incubated for five minutes at room 

temperature.  The column was transferred to a clean microcentrifuge tube and RNA was eluted 

with a final centrifuge step of 17,000 x g for one minute, and then immediately placed on ice. 

 RNA quantity and quality were measured using the Nanodrop Lite Spectrophotometer (Termo 

Scientific), before being transferred to -80°C for storage until analysis. 

cDNA synthesis 

During cDNA synthesis 1µg of RNA was used per 20µl reaction.  cDNA synthesis was performed 

using the High capacity cDNA RT kit (Life technologies) according to manufacturer’s 

instructions.  Briefly, the 2X Reverse Transcription (RT) Master Mix is prepared on ice using the 

following reagents: 10X RT buffer, dNTP mix (100 mM), 10X RT random primers, MultiScribe™ 

reverse transcriptase and nuclease-free H2O.  10 µL of 2X RT master mix is then added to each 

individual tube and mixed with 10 µL of RNA.  The cDNA synthesis reaction then was carried out 

using a thermal cycler (Multigene, Labnet, Edison, USA), using the following program: 25°C for 

10 minutes, 37°C for 120 minutes, 85°C for 5 minutes, followed by a 4°C hold.  After synthesis, 

cDNA was diluted 1:5 with DEPC water and stored at -20°C until use. 

Real-time PCR 

For real-time quantitative PCR 4µl cDNA was used in a total volume of 20µl that contained 10µl 

2X Power SYBR Green PCR Master Mix (Sigma-Aldrich, Poole, UK) and 1µM predesigned 

KiCqStart™ Primers (Table 2.11.1, Sigma-Aldrich, Poole, UK). 

PCR reactions, consisting of 95°C for 10 min (1 cycle), 95°C for 15 s and 60°C for 1 min (40 

cycles) were performed on an ABI 7500 Fast Real-Time PCR Instrument (Applied Biosystems).  

Melt curve analysis was used to confirm primer specificity (Appendix II).  Data was analysed 

with ABI Prism 7500 V2.0.6 software and quantified using the comparative threshold cycle (CT) 
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method with GAPDH as a housekeeping gene reference.  The results are expressed as fold 

change relative to the non-treated control and log(2) of the fold change relative to the non-

treated control. 

Gene 

product 

Gene 

symbol 

Primer sequence 

Forward Reverse 

CRP CRP 5’-AACTTTCAGCCGAATACATC-3’ 5’-TGCTTTGAGGGATACATAGG-3’ 

E-selectin SELE 5’-GAGAATTCACCTACAAGTCC-3’ 5’-AGGCTTGAACATTTTACCAC-3’ 

ET-1 EDN1 5’-CAAGCAGGAAAAGAACTCAG-3’ 5’-CTGGTTTGTCTTAGGTGTTC-3’ 

GAPDH GAPDH 5’-ACAGTTGCCATGTAGACC-3’ 5’-TTTTTGGTTGAGCACAGG-3’ 

ICAM-1 ICAM1 5’-ACCATCTACAGCTTTCCG-3’ 5’-TCACACTTCACTGTCACC-3’ 

IL-6 IL-6 5’-GCAGAAAAAGGCAAAGAATC-3’ 5’-CTACATTTGCCGAAGAGC-3’ 

IL-8 IL-8 5’-GTTTTTGAAGAGGGCTGAG-3’ 5’-TTTGCTTGAAGTTTCACTGG-3’ 

iNOS NOS2 5’-AGCTCAACAACAAATTCAGG-3’ 5’-ATCAATGTCATGAGCAAAGG-3’ 

LOX-1 OLR1 5’-AATGATAGAAACCCTTGCTC-3’ 5’-AGTCCTGAACAATTTGCTAC-3’ 

MCP-1 CCL2 5’-AGACTAACCCAGAAACATCC-3’ 5’-ATTGATTGCATCTGGCTG-3’ 

PAI-1 

tPA 

SERPINE1 

PLAT 

5’-ATCCACAGCTGTCATAGTC-3’ 

5’-GGAATTCCATGATCCTGATAG-3’ 

5’-CACTTGGCCCATGAAAAG-3’ 

5’-TCCGGCAGTAATTATGTTTG-3’ 

P-selectin SELP 5’-CAAAGGCATAGCATCACTTC-3’ 5’-ATGATGCCTACAGTACATGG-3’ 

RAGE AGER 5’-ACTGGATGAAGGATAACCAG-3’ 5’-TCCATTCCTTTCTTGTTGAC-3’ 

SAA1 SAA1 5’-GAGAGAAGCCAATTACATCG-3’ 5’-CTCTGGATATTCTCTCTGGC-3’ 

SAA2 SAA2 5’-GCAGAAGTGATCAGTTTATTTTC-3’ 5’-CACTGAATCTTCATTGCCTG-3’ 

TF F3 5’-GGAGAAAACTACTGTTTCAGTG-3’ 5’-TCTCTGAATTCCCCTTTCTC-3’ 

TGFβ TGFB1 5’-AACCCACAACGAAATCTATG-3’ 5’-CTTTTAACTTGAGCCTCAGC-3’ 

VCAM-1 VCAM1 5’-ACTTGATGTTCAAGGAAGAG-3’ 5’-TCCAGTTGAACATATCAAGC-3’ 

VEGF VEGFA 5’-AATGTGAATGCAGACCAAAG-3’ 5’-GACTTATACCGGGATTTCTTG-3’ 

vWF VWF 5’-TGTATCTAGAAACTGAGGCTG-3’ 5’-CCTTCTTGGGTCATAAAGTC-3’ 

Table 2.11.1 Primer sequences used in the study.  Primers are predesigned KiCqStart™ 
primers purchased from Sigma-Aldrich (Poole, UK). 
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2.12. Enzyme-linked immunosorbent assay (ELISA) 

ELISAs were performed in order to detect protein levels in either the cell culture supernatant or 

cell lysates. ELISA is a commonly employed assay which uses antibodies conjugated to an 

enzyme, which when presented with their substrate induce a colour change which can be read 

using a spectrophotometric plate reader. 

Briefly, Nunc-Immuno 96 MicroWell plates (Sigma-Aldrich, Poole, UK) were prepared with the 

appropriate mouse anti-human capture antibody (supplier recommended concentration in PBS 

with 0.1-1% BSA), sealed and incubated at room temperature overnight.  The plates were 

washed by aspiration of the wells followed by three washes using 0.05% Tween-20 in PBS.  

Plates were then incubated with 1% BSA in PBS for 1 hour to block non-specific binding sites 

and washed as before.  They were then loaded with duplicate volumes of conditioned media 

(appropriately diluted to appear within the linear range of the standard curve) and a seven 

point purified recombinant protein standard curve of the relevant protein.  After a 2 hour 

incubation, plates were washed as before and subsequently incubated with appropriate 

biotinylated goat anti-human antibody (supplier recommended concentration in PBS with 0.1-

1% BSA) for another 2 hours.  Plates were washed again before the addition of streptavadin-

horseradish peroxidase (supplier recommended concentration in PBS with 0.1-1% BSA) and 

incubation for 20 minutes.  After a final wash, as previously described, peroxidase activity was 

determined using the chromogenic substrate tetramethylbenzidine (TMB).  After 20 minutes, 

colour development was stopped using 2N H2SO4 yielding a yellow colour which was 

measurable at 450nm using a spectrophotometer (Tecan Infinite F50 plate reader).  Protein 

concentrations were calculated using a linear regression equation derived from the standard 

curve plot of known values. 
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IL-6/IL-8/VEGF 

Cell supernatants were collected from experiments performed in an identical manner to those 

described for the LDH assay.  Concentrations of the inflammatory mediators interleukin-6 (IL-6) 

and interleukin-8 (IL-8) and the growth factor vascular endothelial growth factor (VEGF) were 

determined using a DuoSet® sandwich ELISA according to the manufacturer’s protocol (R&D 

Systems, Abingdon, UK).   

Secretory leukocyte protease inhibitor (SLPI)/Elafin 

Available levels of the secretory leukocyte protease inhibitor (SLPI) and Elafin proteins were 

measured both following incubation of the recombinant protein with MWNTs and in cell 

supernatants.   

Binding of recombinant SLPI and Elafin proteins was determined by incubating 1ml of the 

appropriate recombinant protein at a known concentration of 1000pg/ml with 1-50µg/ml of f-

MWNTs for 2 hours at 37°C.  Particles were then separated by centrifugation at 17,000 x g for 

20 minutes and the supernatant containing the free, un-bound protein underwent ELISA 

analysis. 

Cell supernatants were collected from experiments performed in an identical manner to those 

described for the LDH assay.  Concentration of the mediators SLPI and Elafin was determined 

using a sandwich ELISA according to the manufacturer’s protocol (R&D Systems, Abingdon, UK).   

E-selectin 

E-selectin was measured both in cell supernatants and cell lysates.  Collection of cell 

supernatants was performed as described previously for the LDH assay.  Cells were lysed using 

radioimmunoprecipitation assay buffer (RIPA) buffer, supplemented with the protease inhibitor 

phenylmethanesulfonyl fluoride solution (1:1000).  Lysates were diluted 1:2 in reagent diluent 
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and the E-selectin DuoSet ELISA was carried out according to the manufacturer’s protocol (R&D 

Systems, Abingdon, UK). 

Endothelin-1  

Cell supernatants were collected from HPMVECs and HLF cultured in 24 well plates for 24 

hours.  Concentration of the potent vasoconstrictor endothelin-1 (ET-1) was determined using 

the Endothelin-1 Quantikine ELISA Kit (R&D Systems, Abingdon, UK) according to the 

manufacturer’s protocol. 

2.13. Western blot analysis 

Western Blot analysis was employed as an alternative to ELISA in order to quantify protein 

expression.  Western Blot analysis involves the resolution of proteins by gel electrophoresis 

followed by protein transfer to a membrane which is probed with an antibody raised against the 

protein of interest.  This can then be visualised in a number of ways, here we have employed 

chemiluminescence.     

Whole cell extracts were prepared from HPMVECs exposed to 10µg/ml f-MWNTs for 1, 2, 4, 6, 8, 

and 24 hours and AT2 cells exposed to 1-50µg/ml AR-MWNTs for 24 hours.  Cells were cultured 

in six-well culture plates using seeding densities described in section 2.2.  At the end of the 

exposure conditions, cells were lysed with 200µl/well CellLytic reagent (Sigma-Aldrich, Poole, 

UK), and proteases were inhibited with an inhibitor cocktail P8340 (Sigma-Aldrich, Poole, UK) 

before agitatation on ice for 30 minutes.  Cell debris was removed by centrifugation at 17,000 x 

g at 4°C for 20 minutes.  Protein concentration in the supernatant were determined using 

Bradford reagent (Sigma-Aldrich, Poole, UK), with samples compared to a standard curve 

generated using bovine serum albumin (BSA).  Loading protein concentrations were adjusted to 

20µg per sample using lithium dodecyl sulfate (LDS) sample buffer (Invitrogen, Paisely, UK), 

and denatured at 95°C for 5 minutes. 
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The samples containing 20µg of cellular protein were subjected to Western Blot analysis.  Total 

protein was resolved for 45 minutes, 180V, 200mA on a 4-12% NuPAGE Bis-Tris gel (Invitrogen, 

Paisely, UK) and transferred to nitrocellulose membrane using the iBlot® 7-Minute Blotting 

System (Invitrogen, Paisely, UK).  Membranes were blocked for 1 hour with 5% milk in TBS-

0.1% Tween, probed with primary antibody (Table 2.13.1) at 4°C overnight followed by 

incubation with polyclonal goat anti-mouse or polyclonal goat anti-rabbit immunoglobulins 

conjugated with horse radish peroxidase (1:5000, Dako, Ely, UK). Membranes were developed 

using enhanced chemiluminesence reagent (ECL) Prime (GE Healthcare, Little Chalfont, UK) and 

analysis was carried out using the GelDoc-It Imaging System (UVP, Cambridge, UK) using 

VisionWorks®LS analysis software.   

Antibody Manufacturer Dilution 
Factor 

Mouse polyclonal  anti-human surfactant protein A (SPA), Abcam 
(Cambridge, UK) 

1:10,000 

Mouse monoclonal anti-human surfactant protein D (SPD) Abcam 
(Cambridge, UK) 

1:5,000 

Mouse monoclonal anti-human VE-cadherin Santa Cruz 
(Heidelberg, 
Germany). 

1:3,000 

Rabbit polyclonal anti-human caveolin-1 BD biosciences 
(Oxford,UK). 

1:1,000 

HRP conjugated goat polyclonal anti-mouse immunoglobulins Dako, Ely, UK 1:5000 

HRP conjugated goat polyclonal anti-rabbit immunoglobulins Dako, Ely, UK 1:5000 

Table 2.13.1 Antibody dilutions used during western blotting 

2.14. iCELLigence Electrical Cell Impedance System 

The iCELLigence System is a cell based microelectronic biosensor system, which provides real-

time, label-free cellular analysis.  In this system cells are grown on E-plates, a micro-electrode 

configuration that covers 80% of each well bottom’s surface area.  The presence of cells, 

strength of cell adhesions and cell-cell interactions will increase the electrode impedance; 
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described as Cell Index (CI) values.  The CI values can therefore be used to monitor cell viability, 

number, morphology and cell-cell interactions in a non-invasive, real-time assay. 

200µl cell culture medium was added to each well of an E-plate L8 prior to cell addition to 

obtain the background impedance measurements.  20,000 TT1 or HPMVEC cells, or 200,000 

AT2 cells were seeded in each well.  TT1 and AT2 cells were cultured in DCCM-1 containing 10% 

newborn calf serum (NCS), 100 U/ml penicillin, 100 mg/ml streptomycin and 2 mM glutamine 

for 24 hours prior to a 24 hour culture period in serum-free media.  HPMVECs were cultured for 

24 hours in EGM-2 MV.  All cells were then exposed to 10µg/ml of AR, P(M4-VP), P(MAA), 

P(PEGMA) or AO MWNTs for 72 hours and the impedance signal expressed as the cell index at 

each time point per concentration was recorded. 

To assess whether the presence of MWNTs is able to influence the impedance value, each 

MWNT was applied to the E-plate in both DCCM-1 and EGM-2 MV media in a cell free system. 

2.15. EB (Evans Blue)-albumin permeability assay 

The Evans Blue (EB)-albumin permeability assay was used as an indicator of endothelial barrier 

integrity.  The assay tracks the movement of protein across a transwell system using albumin 

conjugated to the coloured “Evans Blue” azo dye.  

The permeability assay was adapted from previous studies (Patterson, Rhoades, & Garcia, 

1992).  HPMVECs were seeded at 30,000 cells/cm2 in 12 well transwell inserts (0.4µm pore, 

Corning) and cultured at 37°C in 5% CO2 for 3 days.  Culture medium was then replaced with 

0.5ml EGM-2 MV containing MWNTs (1-50µg/ml), or EGM-2 MV alone and cells incubated for 

24 hours.  Media was removed and 0.5ml EB-albumin (0.67µg/ml EB in EGM-2 MV containing 

4% BSA) was applied to the upper chamber and 1.5ml EGM-2 MV containing 4% BSA was added 

to the lower chamber for one hour.  The absorbance of the solution in the lower chamber was 

read at 595nm and values were compared to that of the well containing HPMVECs treated with 

EGM-2 MV alone. 
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2.16. Statistical analysis  

Data from each experiment is presented as the mean ± standard error (SEM) unless otherwise 

indicated. Each experiment was performed at least in duplicate and at least three independent 

experiments were performed of cells of three different passage generations (immortalised 

human alveolar type 1-like epithelial cells (TT1s)) or at least three different donors (primary 

human alveolar type-2 epithelial cells (AT2s) and primary human pulmonary microvascular 

cells (HPMVECs)). Treated groups were compared to an untreated control.  

Statistical tests included: 

 One-way ANOVA, non-parametric Friedman test with Dunnett’s Multiple Comparison 

Test to compare various particle concentrations (eg. ELISAs, viability assays) 

 One-way sample t-test to compare treated value to a normalised control value.  To 

achieve a more Gaussian distribution these values were expressed in log2 and compared 

to a non-treated control value of 0 (eg. gene expression analysis). 

 Mann Whitney t-test to compare changes between two treatments (untreated and 

exposure to a single concentration of f-MWNT) on mediator release (eg. Triple co-

culture mediator release) 

In all analyses, a P value <0.05 was considered significant. 
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3.  DIFFERENTIAL RESPONSES OF CELLS OF THE BLOOD GAS 

BARRIER FOLLOWING EXPOSURE TO FUNCTIONALISED CARBON 

NANOTUBES: A FOCUS ON CELL DEATH, PARTICLE UPTAKE AND THE 

INFLAMMATORY RESPONSE  

3.1. Introduction 

The cells of the blood gas barrier 

At the alveolar-capillary barrier, alveolar epithelial cells are separated from the underlying 

microvascular endothelial cells by a shared, fused basement membrane.  The alveolar-capillary 

barrier is extremely thin (<0.2µm) to allow for efficient pulmonary gas exchange (Maniatis, 

Kotanidou, Catravas, & Orfanos, 2008). Normal physiology of this barrier is essential for 

pulmonary processes such as gas exchange, fluid homeostasis and defence mechanisms, and as a 

consequence, damage to this barrier is the major contributing factor in pathological processes 

such as acute lung injury (Hermanns et al., 2009).  To investigate the implications of MWNTs 

interacting with cells at this barrier, type 1 and type 2 alveolar epithelial cells and pulmonary 

microvascular cells were used in this study.  Each cell type has a distinct function at the 

alveolar-capillary barrier and a distinct morphology.  

Alveolar type 1 (AT1) cells cover 93% of the alveolar surface and are thin, squamous cells with a 

large surface to allow for gas exchange, and a protruding nucleus (Crapo, Barry, Gehr, Bachofen, 

& Weibel, 1982; van den Bogaard, Dailey, Thorley, Tetley, & Forbes, 2009).  Alveolar type 2 

(AT2) cells are cuboidal and cover just 7% of the alveolar surface, despite accounting for 

approximately 66% of the alveolar epithelial cells by number (Crapo et al., 1982).  AT2 cells are 

responsible for the production of lung surfactant, the primary function of which is to reduce 

surface tension and prevent alveolar collapse during ventilation (Swain, Kemp, Goldstraw, 

Tetley, & Stevens, 2010).  Lung surfactant is stored within lamellar bodies in AT2 cells which, in 
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addition to phospholipids, contains approximately 10% protein which includes the surfactant 

proteins A, B, C and D (Fehrenbach, 2001).   

In close association with the honeycomb structure of the alveolus is the capillary network which 

allows for efficient gas exchange with the circulatory system.  As a result,  the capillary network 

is vast; endothelial cells constitute a large proportion of the total cell population in the lung, 

accounting for approximately 37% of all cells present (Crapo et al., 1982). 

Although immune cells such as the alveolar macrophage are a key defence mechanism in the 

lung, the cells of the blood-gas barrier should also be recognised as a dynamic system capable of 

initiating and regulating an inflammatory response and whose health is key to normal 

pulmonary and cardiovascular function (Mehta & Malik, 2006; Papritz et al., 2010; Snyder-

Talkington et al, 2013).   

The cytotoxic response 

When testing the safety and efficacy of drugs and other compounds, it is important to initially 

determine the cytotoxic potential of the compound.  Increased alveolar epithelial cell death is 

associated with a number of disease pathologies including  pulmonary emphysema, acute lung 

injury and pulmonary fibrosis  (Budinger et al., 2011; Fernandez & Eickelberg, 2012; Yokohori, 

Aoshiba, & Nagai, 2004).  Loss of cells at the alveolar surface can also impact on the underlying 

capillary network; vascular endothelial growth factor (VEGF) expressed by epithelial cells, is a 

trophic factor required for the survival of endothelial cells (Kasahara et al., 2001).  It has been 

hypothesised that decreased levels of VEGF following either epithelial cell death or injury may 

induce endothelial apoptosis, exacerbating the progression of diseases such as emphysema 

(Kasahara et al., 2001). Furthermore, pulmonary microvascular cell death exposes sub-

endothelial Tissue Factor to circulating thrombotic factors, thus inducing clot formation (Steffel, 

Lüscher, & Tanner, 2006).   
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A cytotoxic response has been observed in vitro following carbon nanotube exposure in a 

number of cell types including bronchial and alveolar epithelial cell lines and primary aortic 

endothelial cells, however the influence of the novel thermo-chemical “grafting from” 

functionalisation method is unknown (Ursini et al., 2014; Walker et al., 2009).  During the 

course of previous MWNT cytotoxicity studies, it has been noted that a number of cell viability 

assays are unsuitable for use with carbon nanotubes.  For example, carbon nanotubes have been 

shown to stabilise formazan crystals formed during the MTT assay.  Dissolution of these crystals 

is essential to provide an accurate spectrophotometric reading and use of this assay has in the 

past lead to an overestimation of the cytotoxic potential of carbon nanotubes (Worle-Knirsch et 

al., 2006).  For this study we therefore selected an assay that produces a water-soluble 

tetrazolium salt, MTS, that like other water-soluble tetrazolium salts such as WST-1, XTT, or INT 

does not interact with the carbon nanotube (Worle-Knirsch et al., 2006).  We have used both the 

MTS viability assay and the LDH cytotoxicity assay in concert to safeguard against potential CNT 

interference with spectrophotometric assays.  

Particle uptake 

A wide range of inhaled nanoparticles, including MWNTs, have been observed in cells of the 

peripheral airways during in vivo studies, indicating that these small particles are not only able 

to reach the alveolus, but also once there, they are uptaken by the resident cells (Mercer et al., 

2013; Mitchell et al., 2007).  In rodent studies, MWNTs have primarily been observed in alveolar 

macrophages; however there is also evidence of rapid uptake of MWNTs by alveolar epithelial 

cells following both inhalation and pharyngeal aspiration allowing MWNTs access to the 

interstitium and lymphatic system (Porter et al., 2010, 2013). 

In rodent lungs, inhaled microparticles have limited access to the interstitial spaces, while 

nanoparticles have been shown to readily translocate to the epithelium and underlying 

interstitium (Kreyling et al, 2013).  During these rodent studies it is primarily nanoparticles and 
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not microparticles that are also able to reach the circulatory system.  Significant fractions of 

20nm TiO2 NPs have been found in rat endothelial cells following inhalation, however, there is 

currently no direct proof of NP accumulation in the endothelial cells of large animal species, 

including man.  Evidence from canine and monkey inhalation studies does however indicate 

that nanoparticle relocation in these species is similar to that of rodents. However, in contrast, 

canine studies indicate that, in addition to nanoparticles, microparticles may also be able to 

traverse the epithelium to the underlying interstitium and circulatory system (Kreyling et al., 

2013).   

Further evidence for cellular uptake of nanoparticles comes from in vitro studies, where 

nanoparticles such as SWCNTS, biodegradable 6-coumarin PLGA NPs and fluorescent latex NPs 

have been identified within a wide range of cells, including immune cells, epithelial cells and 

vascular cells (Davda & Labhasetwar, 2002; Kemp et al., 2008; Porter et al., 2007).  It has been 

suggested that the uptake of CNTs could be independent of both cell type and functional groups 

present on the CNT surface, despite the well-established variations in uptake mechanisms 

between cell types (Kostarelos et al., 2007).  Phagocytosis occurs in specialised cells including 

monocytes, macrophages and neutrophils whereas pinocytosis in endothelial or epithelial cells 

can occur via a number of mechanisms including clathrin- or caveolin-mediated endocytosis or 

marcopinocytosis (Conner & Schmid, 2003).   

It has previously been observed that nanoparticles are readily internalised by both type 1-like 

alveolar epithelial cells and endothelial cells (Davda & Labhasetwar, 2002; Kemp et al., 2008).  

In contrast, only a relatively small amount of particle uptake is seen in cultured AT2 cells (Kemp 

et al., 2008; Thorley et al., 2014).  This information originates from the study of spherical 

nanoparticles; it is thought that the mechanism of uptake of needle-like CNTs which can become 

tangled may be distinct from that of spherical particles, however this is not fully understood 

(Liu et al., 2013; Raffa et al, 2010),  Evidence from several groups has indicated that 

functionalisation of MWNTs can affect their the rate of cellular uptake (Ali-Boucetta et al., 2011; 
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Ursini et al., 2014).  It is therefore important to establish the degree of uptake of our study 

particles - functionalised carbon nanotubes, as nanoparticle uptake is unlikely to be a "one size 

fits all" phenomenon. 

The inflammatory response 

It has been observed that nanoparticles may initiate diverse inflammatory responses in the lung 

(Li et al., 2010).  During a murine in vivo oropharyngeal aspiration study, high nickel MWNTs 

induced pathological changes including increased cellularity (inflammation) in the lung.  These 

in vivo results were associated with inflammasome activation and cytokine release in murine 

alveolar macrophages exposed in vitro to MWNTs (Hamilton et al, 2012).  Further murine 

studies have observed an increase in polymorphonuclear leukocytes and the neutrophil 

chemoattractant KC following MWNT inhalation exposure (D. W. Porter et al., 2010) and the 

release of the inflammatory mediators IL-33, CCL3, CCL18 and MMP3 accompanied by increased 

inflammatory cell infiltration and impaired pulmonary function following oropharyngeal MWNT 

exposure (Wang et al., 2011).  The importance of inflammatory regulators such as mast cells in 

MWNT induced pulmonary and cardiovascular toxicity has also been highlighted (Katwa et al., 

2012).  

Although the relationship between CNT inhalation and adverse cardiovascular health is not fully 

understood (see section 1.5), pulmonary inflammation is associated with adverse 

cardiovascular outcomes (Van Eeden et al, 2012).  Systemic inflammation is therefore one 

possible hypothesis linking CNT inhalation and adverse cardiovascular health; however, it is 

possible that CNTs could initiate a vascular inflammatory response autonomously if they are 

able to interact with the vasculature directly, either via particle translocation or intravenous 

administration (Walker et al., 2009). 

Interestingly some studies have recorded no increase in pulmonary inflammation following 

MWNT exposure in mice (Mitchell et al., 2007), and at least one study has noted a decrease in 
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innate immunity following MWNT exposure (Mitchell et al, 2009).  This suggests that MWNT 

toxicity is likely to be highly dependent on the physicochemical characteristics of the material 

including metal content, length and surface chemistry, as well as the experimental design. 

Reactive oxygen species 

Nanoparticle induced toxicity and more specifically, CNT induced toxicity is often attributed to 

generation of reactive oxygen species (ROS) following exposure (Manke et al., 2013).  ROS 

generation is an important mechanism when considering nanotoxicity as sustained elevated 

levels of ROS can result in oxidative stress (Fu et al., 2014; Gonzalez et al., 2008).  Furthermore, 

ROS is often associated with nanoparticle-induced inflammation and has been identified as both 

a common initiating factor and end product of this process (Møller et al., 2014; Yang et al., 

2009). 

Using human lung fibroblasts cultured in vitro, both short and long SWCNTs induced ROS 

formation; however, SWCNTs elicited a more robust oxidative response than short SWCNTs, 

indicating a length-dependent effect (Manke et al., 2014).  In addition, increased ROS was 

observed in primary mouse embryo fibroblasts exposed to CNTs.  This coincided with reduced 

intracellular levels of the antioxidant enzymes superoxide dismutase and glutathione, and 

increased lipid peroxidation, indicative of oxidative stress (Yang et al., 2009).  In contrast to 

these fibroblast studies, MWNT have been shown to scavenge free radicals, including ROS, in a 

cell free environment (Nymark et al., 2014).  Following a 30 minute bronchial epithelial cell 

exposure to MWNTs, there was a net decrease in ROS, indicating scavenging activity (Nymark et 

al., 2014), and no oxidative DNA damage was observed in bronchial (BEAS-2B) or epithelial lung 

cancer cells (A549) following a 24 hour exposure to pristine or –COOH MWNTs (Ursini et al., 

2014).  Increased ROS and malondialdehyde formation and decreased catalase and glutathione 

activity have however been reported in human lung cancer cells (A549) following 6-24 hour 

exposures to MWCNTs (Srivastava et al., 2011).  These conflicting results indicate that the role 
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of ROS in pulmonary toxicity is complex and highly dependent on not only the cell type studied 

but also the physicochemical properties of the CNT.  Due to the important role of ROS in 

inflammation, fibrosis and genotoxicity, more studies are required to elucidate which NP 

properties affect ROS formation and cellular reactivity in the lung. 

In endothelial cells, there is some evidence that MWNT exposure elicits an oxidative response.  

Un-modified MWNTs induced ROS formation in immortalised human microvascular cells at 8 

hours, and anti-oxidant treatment reduced MWNT induced endothelial barrier permeability 

(Pacurari et al., 2012).  Evidence is, however, sparse; the effect of MWNT physicochemical 

properties on endothelial ROS formation in not known.  Oxidative stress is implicated in the 

disruption of endothelial cell-cell junctions and vascular endothelial dysfunction, and therefore 

plays an important role in the pathophysiology of various vascular diseases and disorders (Lum 

& Roebuck, 2001; van Wetering et al., 2002).  Understanding the effect of MWNT properties on 

endothelial ROS formation will therefore be crucial in developing safe CNT-based 

nanomedicines. 
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Overview: 

This chapter describes the alveolar epithelial and microvascular endothelial cells used in this 

study and investigates the response of these cells when exposed to functionalised carbon 

nanotubes.  Here we investigate common responses comparable between cell types, including 

cell viability, particle uptake, the inflammatory response and production of reactive oxygen 

species.  We use these parameters to compare and contrast the differential responses of the 

cells and discuss the potential importance of these results in light of occupational or therapeutic 

exposure. 

Hypothesis: 

We hypothesised that MWNT exposure would induce cell death, release of inflammatory 

mediators and generation of ROS in the cells of the blood-gas barrier.  Furthermore we 

hypothesised that MWNT uptake would differ between these cell types and that 

functionalisation of MWNT would affect their bioreactivity in vitro.  Our specific aims were to 

establish: 

I. Does MWNT exposure induced a change in TT1, AT2 or HPMVEC viability? 

II. Are functionalised MWNTs internalised by the cells of the blood-gas barrier, and if so, by 

what processes is this likely to occur? 

III. Could MWNT exposure trigger an inflammatory response in alveolar epithelial cells and 

microvascular endothelial cells? 

IV. Does MWNT exposure influence ROS levels in the cells of the blood gas barrier and is 

ROS induction a key initiator of inflammation? 

V. Crucially, are the aforementioned processes modulated by MWNT surface 

modifications? 
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3.2. Results 

Cell characterisation 

When visualised using light microscopy, cultured HPMVEC, AT2 and TT1s have a distinct 

morphology; HPMVECs are large, flat cells with a distinct cobblestone appearance, and large 

dark nuclei.  TT1 cells are large, flat cells with  a large nucleus and AT2 cells have a cuboidal 

morphology and appear the smallest of the three cells types when visualised using a microscope 

(Figure 3.2.1). 

   

Figure 3.2.1 Phase-contrast micrographs displaying the different morphologies of the 
main cells used in this study.  The image shows the following cell types: (A.) immortalised 
human alveolar epithelial type 1-like cells (TT1), (B.) primary human alveolar epithelial type 2 
cells (AT2) and (C.) primary human pulmonary microvascular endothelial cells (HPMVEC).   

Immunocytochemistry demonstrated that immortalised TT1 cells were postive for the type-1 

epithelial cell markers podoplanin and RAGE (Figure 3.2.2). Alveolar type II cells isolated using 

the method described by Witherden & Tetley (2001) were shown to have a purity of greater 

than 95% as demonstrated by positive expression of alkaline phosphatase, surfactant protein D, 

epithelial cell adhesion molecule and intermitantly expressed surfactant protein A (Figure 

3.2.3).   
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Figure 3.2.2 Podoplanin and RAGE expression in TT1 cells.  TT1 cells expressed the markers 
podoplanin (A.) and RAGE (B.).  Images were obtained by confocal microscopy. No 
immunofluescence was detectable in the mouse IgG isotype control.  Scale bars indicate a 
distance of 10µm. 

 

Figure 3.2.3 AT2 Phenotype Characterisation. (A. – B.) Alkaline Phosphatase Staining:  AT2 
cells 72 hours after seeding. A.) non-treated cells,  B.)  alkaline phosphatase positive cells.   (C. – 
F.) Immunostaining:  AT2 cells 72 hours after seeding following methanol fixation.  Cells are 
stained with the following antibodies C.) non-exposed mouse epitope D.) surfactant protein D.  
E.) surfactant protein A.  F.) epithelial cell adhesion molecule (intracellular domain). 
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Cultures of HPMVECs were positive for characteristics typical of an endothelial cell, these 

included a cortical arrangement of f-actin fibres and expression of VE-cadherin, CD31, caveolin-

1 and RAGE (Figure 3.2.4).  These cells also formed tubes on BD matrigel and expressed 

endothelin-1 (Figure 3.2.5).  A full summary of the endothelial makers studied and the assays 

used to detect the marker can be found in Table 3.2.1. 

 

 

Marker  HPMVEC 
CD31 (PECAM-1) ++

a 
and ++

c 
CD54 (ICAM-1) ++

b 
CD106 (VCAM-1) ++

b 
CD144 (VE-cadherin)  ++

a
 and ++

c 
CD62P (P-selectin) ++

b 
CD62E (E-selectin) ++

b
 and ++

e 
CD142 (Tissue Factor) [inducible] ++

b
  

von Willebrand factor ++
b 

Tube formation ++
d 

Endothelin-1 ++
b
  and ++

e 
RAGE (Receptor for advanced glycation 

endproducts) 
++

a
, ++

b
 and ++

c
 

Caveolin-1
  

 ++
a
  and ++

c 

a 
immunofluorescence 

b 
reverse transcription with polymerase chain reaction 

c 
western blot 

d 
angiogenesis assay on BD Matrigel 

e
 enzyme-linked immunosorbent assay 

 

Table 3.2.1  Summary of endothelial cell markers observed in HPMVECs isolated for this 
study. 
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Figure 3.2.4 HPMVEC phenotype characterisation:  Cells were immunofluorescently stained for markers of an endothelial phenotype. Cells 
displayed cortical arrangement of f-actin fibres (A.), and were positive for VE-cadherin (B.), CD31 (C.) caveolin-1 (D.) and receptor for advanced 
glycation endproducts (RAGE) (E.).  No immunofluescence was detectable in the mouse and rabbit IgG isotype controls.  Scale bars indicate a 
distance of 25µm. 
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Figure 3.2.5 HPMVEC tube formation on BD Matrigel and expression of endothelin-1.  
HPMVECs formed tube like structures 4 hours after cells were seeded on BD matrigel, (A.).  
Additionally, following 24 hours in culture, high levels of endothelin-1 (ET-1) were detected in 
the supernatants of HPMVEC cultures; no ET-1 was detected in cultured human lung fibroblasts 
(HLF) used as a control (B.).  These results support the evidence for an endothelial monoculture, 
in the absence of contaminating cells. 

Cell viability 

MWNTs were not acutely cytotoxic to alveolar epithelial cells.  A small, significant decrease 

(<11%, p<0.05) in TT1 cell viability was indicated by the MTS assay following 50µg/ml 

exposure to TTC and P(4-VP)-MWNTs at 4 hours and AR and P(4-VP)-MWNTs at 24 hours.   The 

LDH assay indicated that high concentrations of P(MAA) and AO-MWNTs have damaged the 

membrane integrity at 24 hours (<18% LDH release, p<0.05).  The LDH assay indicated that at 

72 hours all particles had induced some cell membrane damage, however LDH release never 

exceeded 14% of the total and only P(4-VP), P(M4-VP) and P(MAA)-MWNT induced a small but 

significant (p<0.05) reduction in cell viability, as measured by the MTS assay (Figure 3.2.6).   

In AT2 cells, an increase in mitochondrial activity was observed following a 4 hour exposure to 

MWNTs, however this was only significant for 10 and 25µg/ml TTC-MWNT treated cells (16.1%, 

p<0.01 and 14.3%, p<0.05 respectively). No increase in extracellular LDH was observed at 72 

hours and only 5µg/ml P(MAA)-MWNTs induced a small but significant (p<0.01) reduction in 

cell viability of 2.24% (Figure 3.2.7).  At 4 hours LDH levels were below the limit of detection for 

both TT1 and AT2 cells (results not shown).  

A. B. 
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Figure 3.2.6 TT1 viability at 4 hours, 24 hours and 72 hours following exposure to f-MWNTs.  TT1 cells were exposed to 1-50µg/ml AR, TTC, 
P(4-VP), P(PEGMA), P(M4-VP), P(MAA) or AO MWNTs for 4 (A.), 24 (B. & D.) or 72 hours (C. & E.) and viability was determined by the MTS (A., B. & 
C.) and LDH (D. & E.) assays.  Values represent % of untreated control, data is expressed as mean ± SEM, n=4. One-way ANOVA followed by Dunnett’s 
post-test;  *p<0.05, **p<0.01, ***p<0.001. 
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Figure 3.2.7 AT2 viability at 4 hours, 24 hours and 72 hours following exposure to f-MWNTs.  AT2 cells were exposed to 1-50µg/ml AR, TTC, 
P(4-VP), P(PEGMA), P(M4-VP), P(MAA) or AO MWNTs for 4 (A.), 24 (B. & D.) or 72 hours (C. & E.)  and viability was determined by the MTS (A., B. & 
C.) and LDH (D. & E.) assays.  Values represent % of untreated control, data is expressed as mean ± SEM, n=4. One-way ANOVA followed by Dunnett’s 
post-test;  *p<0.05, **p<0.01, ***p<0.001. 
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A significant concentration-dependent decrease in mitochondrial activity was observed in 

HPMVECs following a 4 hour exposure to AR, TTC P(PEGMA) and P(M4-VP)-MWNTs (<25.38, 

<19.84, <19.58 and <19.65% respectively, p<0.05), indicating a loss of cell viability.  By 24 

hours, a decrease in viability was no longer observed following exposure to any of the MWNTs, 

in fact a significant increase in mitochondrial activity as high as 19.8% was detected following 

exposure to ≥25µg/ml P(PEGMA) and P(M4-VP)-MWNTs (p<0.05) and 50µg/ml AR and 

P(MAA)-MWNTs (p<0.001) (Figure 3.2.8). 

Investigation into the disparity in cell viability at 4 and 24 hours using the BrdU assay indicated 

that the observed recovery and subsequent increase could be due to an increase in HPMVEC 

proliferation.  AR, P(PEGMA) and P(PM4-VP)-MWNTs exposure resulted in a significant 

decrease in cell viability at 4 hours, but induced a significant level (p<0.001) of cell proliferation 

at 24 hours (Figure 3.2.8, Figure 3.2.9); 50µg/ml of these particles induced a >100% increase in 

the baseline level of cell proliferation.  AO-MWNTs induced a much lower increase in cell 

proliferation which is consistent with the absence of a decrease in cell viability.  Only 50µg/ml 

AO-MWNT induced a significant increase in cell proliferation, which was lower than that 

observed for other particles, at 25% (p<0.05) (Figure 3.2.9). 
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Figure 3.2.8  HPMVEC viability at 4 hours and 24 hours following exposure to f-MWNTs.  
HPMVECs were exposed to 1-50µg/ml AR, TTC, P(4-VP), P(PEGMA), P(M4-VP), P(MAA) or AO 
MWNTs for 4 (A.) or 24 hours (B.) and viability was determined by the MTS assay.  Values 
represent % of untreated control, data is expressed as mean ± SEM, n=4. One-way ANOVA 
followed by Dunnett’s post-test;  *p<0.05, ***p<0.001. 
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Figure 3.2.9 HPMVEC proliferation at 24 hours following exposure to f-MWNTs.  HPMVECs 
were exposed to 1-50µg/ml AR, P(PEGMA), P(M4-VP), P(MAA) or AO MWNTs for 24 hours and 
cell proliferation was determined by the BrdU assay.  Values represent % of untreated control, 
data is expressed as mean ± SEM, n=4. One-way ANOVA followed by Dunnett’s post-test;  
*p<0.05, **p<0.01, ***p<0.001. 

Particle uptake 

TEM studies demonstrated that the majority of AR-MWNTs present within TT1 cells were 

visible as large agglomerates inside endosome-like structures, suggesting uptake via endocytic 

pathways (Figure 3.2.10).  AR-MWNTs were present as both very large agglomerates 

surrounded by very large membrane protrusions, suggesting micropinocytosis (b), and smaller 

clusters engulfed by other endocytic pathways (a, c).  A small population of individual AR-

MWNTs were also found inside the cytoplasm and the plasma membrane (indicated by arrows). 
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Figure 3.2.10 TEM images showing the cellular distribution and interaction of AR-MWNTs 
in TT1 cells.  TT1 cells were exposed to 5µg/ml AR-MWNTs for 24 hours. The majority of AR-
MWNTs are seen inside cellular vesicles; AR-MWNT are observed within a smaller vesicles (a), 
and are also present within large vesicles indicative of macropinoctosis (b).  (c) shows an 
example of early vesicle formation following AR-MWNT exposure.  Arrows indicate where single 
AR-MWNT fibres can be seen embedded in the plasma membrane.  ES = extracellular space; C = 
cytoplasm; N = nucleus.  Image adapted from (Shu Chen et al., 2014) with appropriate copyright 
permissions (Appendix I). 

Thermochemically functionalised MWNTs, (P(PEGMA), P(MAA) and P(M4-VP), were also 

present in both vesicles and the cell cytoplasm, however there was evidence that the presence 

of functional groups affected MWNT interactions with the cell (Figure 3.2.11).  There is evidence 

of endocytosis of all particles, including both macropinocytosis and other endocytic 

mechanisms. Negatively charged  P(MAA)-MWNTs were however frequently aligned parallel to 

the plasma membrane (Figure 3.2.11 e-f) and positively charged P(M4-VP)-MWNTs exhibited 

more frequent contact with the plasma membrane than the other MWNTs (Figure 3.2.11 h-i). 

AO-MWNTs were also present within the TT1 cells, however there was no evidence of 

macropinocytosis following exposure to these particles (Figure 3.2.12).  The majority of AO-

MWNTs were present in smaller vesicles ~0.1µm in diameter (Figure 3.2.12 a), however these 

particles were also observed at the plasma membrane (Figure 3.2.12 b) and within the cell 

cytoplasm (Figure 3.2.12 c). 
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Figure 3.2.11 TEM images showing the cellular distribution and interaction of MWNTs 
functionalised using the thermochemical "grafting from" method in TT1 cells.  The cellular 
location of the following particles is shown following a 24 hour exposure to 5µg/ml (a-c) 
P(PEGMA)-MWNTs, (d-f) P(PMAA)-MWNTs and (g-i) P(M4-VP)-MWNTs. Individual MWNTs are 
indicated by circles.  P(PEGMA)-MWNTs were present within large protrusions of the plasma 
membrane (>1 mm) (a) and smaller vesicles (b).  Individual P(PEGMA)-MWNTs are also visible 
inside the cytoplasm (a (circled) and c).  P(MAA)-MWNTs were observed inside vesicular 
structures (d and e), uptaken by macropinocytosis (d (arrow)) and other endocytic mechanisms 
(e (arrow)) and within the cytoplasm (d (circled)).). P(MAA)-MWNTs, were frequently aligned 
parallel to the plasma membrane (e-f).  P(M4-VP)-MWNT were also distributed within the 
cytoplasm and endocytic vesicular structures (g-i).  These particles exhibited more frequent 
contact with the plasma membrane than the other MWNTs (h-i); (i) is a higher resolution TEM 
image of boxed area in (h). ES = extracellular space; C = cytoplasm; N = nucleus.  Image adapted 
from (Shu Chen et al., 2014) with appropriate copyright permissions (Appendix I). 
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Figure 3.2.12 TEM images showing the cellular distribution and interaction of AO-MWNTs 
in TT1 cells.  TT1 cells were exposed to 5µg/ml A0-MWNTs for 24 hours. The majority of AO-
MWNTs are seen inside smaller cellular vesicles (a) however these particles are also found at 
the plasma membrane (b) and within the cell cytoplasm (c). ES = extracellular space; C = 
cytoplasm; N = nucleus.  Image adapted from (Shu Chen et al., 2014) with appropriate copyright 
permissions (Appendix I). 

Confocal microscopy demonstrated distinct clustering of P(M4-VP)-MWNTs around the 

HPMVEC nucleus (Figure 3.2.13 C. & F.).  Large agglomerates of AR and thermochemically 

functionalised MWNTs were visualised throughout the cell monolayer using brightfield 

microscopy (Figure 3.2.13 Bii, Cii, Dii & Eii).  In contrast, AO-MWNTs were only visible around 

the HPMVEC nucleus (Figure 3.2.13 F.).  The location of MWNTs indicated by the red darkfield 

image showed good association with the MWNTs visualised using brightfield imaging in Figure 

3.2.13 ii.); the darkfield image was advantageous in that it could distinguish at which plane the 

particle was present at.  No co-localisation of MWNTs and lysosomes was observed (absence of 

yellow, Figure 3.2.13 i.). 
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Figure 3.2.13.  f-MWNT uptake by HPMVEC following a 24 hour exposure.  The nucleus is 
shown in blue, f-MWNTs are shown by darkfield microscopy in red, i.) Lysosomes are shown in 
green and ii.) f-MWNTs are also shown by brightfield microscopy.  Images are taken following a 
24 hour exposure to 10µg/ml of the following particles, B.) AR-MWNTs, C.) P(M4-VP)-MWNTs, 
D.), P(MAA)-MWNTs, E.) P(PEGMA)-MWNTs and F.) AO-MWNTs. Panel A.) is the non-treated 
control.  f-MWNTs are observed in all but the non-treated control.  C.) P(M4-VP) and E.) AO-
MWNT show distinct clustering of the MWNTs around the cell nucleus.  Scale bars indicate a 
distance of 10µm. 

High resolution imaging of HPMVECs following exposure to AO-MWNTs, showed AO-MWNTs 

present as both small and large circular structures localised to the area around the cell nucleus; 

a pattern indicative of particle uptake via endocytic mechanisms (Figure 3.2.14).  Figure 3.2.14 

Aii.) clearly shows an absence of AO-MWNT (red) and lysosome (green) co-localisation (yellow), 

however AO-MWNTs were localised to the general cell region where lysosomes are present.  

Figure 3.2.14 Bii.) demonstrates the ability of darkfield microscopy to detect AO-MWNT 

particles. 
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Figure 3.2.14  AO-MWNT uptake in HPMVECs.  Following exposure to 10µg/ml AO-MWNTs 
for 24 hours, MWNTs were localised around the HPMVEC nucleus.  ii.) is a magnified image of 
the cell shown in the red box in i.).  The nucleus is depicted in blue, AO-MWNTs were visualised 
by darkfield microscopy in red, A). Lysosomes are shown in green and B) f-MWNTs are shown 
by brightfield microscopy.  Aii.)  AO-MWNT are localised in the cell region containing the 
lysosomes.  Bii.)  The red darkfield image is associated with the f-MWNT observed using 
brightfield microscopy.  Scale bars indicate a distance of 10µm. 

Epithelial inflammatory response 

In order to study the inflammatory potential of MWNTs at the blood-gas barrier, and 

furthermore, the effect of surface modifications on the severity of this reaction, we investigated 

the gene and protein expression of the inflammatory mediators IL-6 and IL-8 as a biomarkers of 

an inflammatory response.   
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MWNT exposure induced no increase in either the gene expression or protein expression of the 

inflammatory mediators IL-6 and IL-8 in TT1 or AT2 cells at time points up to 24 hours (Figure 

3.2.15-18).  Interestingly, in epithelial cells, MWNT exposure appeared to have some anti-

inflammatory effects.  At 4 hours, a non-significant (p=0.768) down-regulation in the expression 

of the IL-6 gene is observed in TT1 cells (Figure 3.2.15-A), however this is accompanied by a 

significant (p<0.05) reduction of IL-6 protein expression at 24 hours (Figure 3.2.17-A).  No 

significant reduction in IL-8 protein is observed in TT1 cells at 24 hours (p>0.05) (Figure 

3.2.17-B). 

By 72 hours an increase in inflammatory mediators was, however, observed following MWNT 

exposure and the differential inflammatory effects of the functional groups could be observed 

(Figure 3.2.17-C&D).  P(M4-VP)-MWNTs had the most pronounced pro-inflammatory effect on 

TT1 cells and the increase in levels of the inflammatory mediator IL-8 was greater than the 

increase in IL-6; P(M4-VP)-MWNTs resulted in an IL-8 release that is as high as 7x that of the 

than the non-treated control value.  As previously discussed, the differential effects of the 

functional groups could be observed in TT1 cells at 72 hours.  Exposure to 10µg/ml MWNTs 

resulted in an increase from the baseline values for AR, P(M4-VP), P(MAA), P(PEGMA and AO-

MWNT treated cells, however this increase was variable as summarised in Table 3.2.2. 

Mediator Non-treated 

control 

MWNT sample 

AR P(M4-VP) P(MAA) P(PEGMA) AO 

Interleukin-6 256±14 470±29*** 786±7*** 401±41(ns) 396±14*** 305±10(ns) 

Interleukin-8 185±6 835±18*** 1312±39*** 634±7*** 614±79*** 413±13*** 

Table 3.2.2  Summary of TT1 cell inflammatory mediator release following a 72 hour 
exposure to 10µg/ml f-MWNTs.  Data is expressed as pg/ml, mean ± SEM, n=4.  One-way 
ANOVA followed by Dunnett’s post-test; ns=non-significant, ***p< 0.001. 

A concentration of 10µg/ml MWNT induced the greatest increase in both IL-6 and IL-8 mediator 

release in TT1 cells which was highly significant (p<0.001).  P(MAA) and P(PEGMA)-MWNT 
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induced a smaller inflammatory response in these cells than AR-MWNTs and AO-MWNTs 

induced the smallest change in inflammatory mediator levels in these cells (Table 3.2.2). 
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Figure 3.2.15  TT1 IL-6, IL-8 and MCP-1 gene regulation in response to a 5 or 50µg/ml AR 
or AO MWNT exposure for 1, 4 or 24 hours.  Values were normalised to a GAPDH loading 
control and compared to an untreated control using the ΔΔCt method.  Data is expressed as 
mean ±SEM, n=4.  For statistical analysis a one sample t-test was performed with values 
compared to a non-treated control value of 0, *p<0.05 
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Figure 3.2.16  AT2 IL-6, IL-8 and MCP-1 gene regulation in response to a 5 or 50µg/ml AR 
or AO MWNT exposure for 1, 4 or 24 hours.  Values were normalised to a GAPDH loading 
control and compared to a untreated control using the ΔΔCt method.  Data is expressed as mean 
±SEM, n=4.  For statistical analysis a one sample t-test was performed with values compared to 
a non-treated control value of 0, *p<0.05 
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Figure 3.2.17  Release of 
the inflammatory 
mediators IL-6 and IL-8 
from TT1 cells exposed to 
f-MWNTs for 24 or 72 
hours.  Cells were exposed 
to 1-50µg/ml f-MWNTs for 
(A. & B.) 24 and (C. & D.) 72 
hours and IL-6 (A. & C.) and 
IL-8 (B. & D.) levels in the cell 
culture supernatants were 
measured by ELISA.  Data is 
expressed as mean ± SEM, 
n=4.  One-way ANOVA 
followed by Dunnett’s post-
test; *p< 0.05, **p< 0.01 & 
***p< 0.001. 
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Figure 3.2.18  Release of 
the inflammatory 
mediators IL-6 and IL-8 
from AT2 cells exposed to 
f-MWNTs for 24 or 72 
hours.  Cells were exposed 
to 1-50µg/ml f-MWNTs for 
(A. & B.) 24 and (C. & D.) 72 
hours and IL-6 (A. & C.) and 
IL-8 (B. & D.) levels in the 
cell culture supernatants 
were measured by ELISA.  
Data is expressed as mean ± 
SEM, n=4.  One-way ANOVA 
followed by Dunnett’s post-
test. 
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Endothelial inflammatory response 

In contrast to the responses observed in epithelial cells, all MWNTs induced an inflammatory 

response in HPMVECs as early as 4 hours post-exposure.  Furthermore, functional groups 

present on the MWNT surface determined the severity of the inflammatory response.  Gene 

expression analysis indicated that of the time points studied (1, 4 and 24 hours), the greatest 

change in gene expression was observed at 4 hours.  At 4 hours, regulation of the gene 

expression of inflammatory mediators was observed following exposure to just 1µg/ml AO-

MWNTs, however the observed change was not statistically significant.   10µg/ml of both AR-

MWNTs and AO-MWNT induced changes in IL-6, IL-8 and MCP-1, however the magnitude of the 

reaction was dependent on surface functionalisation (Figure 3.2.19).  AO-MWNTs induced a 

more sustained inflammatory response than AR-MWNTs and following the higher concentration 

of 10µg/ml, upregulation of inflammatory genes was still apparent at 24 hours (Figure 3.2.19). 

The effects of AR, P(M4-VP), P(MAA), P(PEGMA) and AO-MWNTs on IL-6, IL-8 and MCP-1 gene 

regulation was therefore investigated further at 4 hours post-exposure, using concentrations of 

10µg/ml (Figure 3.2.20).  The gene expression profile closely resembled the expression pattern 

of the corresponding protein; P(M4-VP) and AO-MWNTs induced the greatest increase in IL-6 

and IL-8 mRNA (Figure 3.2.20) and protein levels (Figure 3.2.21). The inflammatory response 

following exposure to P(PEGMA)-MWNTs was not as great as that induced by the other MWNTs 

studied at both the gene (Figure 3.2.20) and protein expression level (Figure 3.2.21) which 

inferred that P(PEGMA) functionalisation of MWNTs may provide a slight protective effect 

against an inflammatory response induced by MWNT exposure. 

HPMVECs produced very low basal levels of IL-6, however a concentration-dependent increase 

in IL-6 was observed at both 4 and 24 hours following MWNT exposure.  At 4 hours, this 

increase was only significant for the highest concentration of 50µg/ml P(M4-VP) and P(MAA)-

MWNTs (p<0.05) and AO-MWNTs (p<0.01) (Figure 3.2.21-A).  By 24 hours a concentration-
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dependent increase was observed following exposure to all f-MWNTs however the effect was 

most striking for AO-MWNTs; 1µg/ml resulted in an increase from 3pg/ml to 28pg/ml IL-6 

which increased to statistically significant values (p<0.01) of 414pg/ml and 422pg/ml at 

25µg/ml and 50µg/ml respectively (Figure 3.2.21-C). 

All f-MWNTs also induced a concentration-dependent increase in IL-8 at 24 hours.  Baseline 

levels of IL-8 were 28±8 pg/ml and 225±62 pg/ml at 4 and 24 hours respectively (Figure 

3.2.21).  At 24 hours, 5µg/ml of P(M4-VP) and AO-MWNTs induced a significant (p<0.05) 

increase in IL-8 to 857 and 1208 pg/ml respectively.  The greatest IL-8 response (x11 fold 

greater than baseline) was induced by 25µg/ml AO-MWNT (Figure 3.2.21-D). 

The differential inflammatory effects of the functional groups was most striking at 24 hours 

post-exposure and a concentration of 10µg/ml resulted in an increase in IL-6 and IL-8 for AR, 

P(M4-VP), P(MAA), P(PEGMA and AO-MWNT treated cells, which is summarised below (Table 

3.2.3).  AO-MWNTs induced the greatest release of both IL-6 and IL-8.  P(M4VP)-MWNTs 

induced the next greatest increase in IL-8 and P(MAA) and P(PEGMA) functionalised MWNTs 

induced less IL-8 release than the AR, un-modified MWNTs (Table 3.2.3.). 

Mediator Non-treated 

control 

MWNT sample 

AR P(M4-VP) P(MAA) P(PEGMA) AO 

Interleukin-6 3±1 8±3(ns) 12±4(ns) 11±5(ns) 9±3(ns) 200±149(ns) 

Interleukin-8 225±62 910±382* 1080±317** 748±281* 712±196* 1747±343*** 

Table 3.2.3  Summary of HPMVEC inflammatory mediator release following a 24 hour 
exposure to 10µg/ml f-MWNTs.  Data is expressed as pg/ml, mean ± SEM, n=4.  One-way 
ANOVA followed by Dunnett’s post-test; ns=non-significant, *p< 0.05, **p< 0.01 & ***p< 0.001. 
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Figure 3.2.19  HPMVEC IL-6, IL-8 and MCP-1 gene regulation in response to a 1 or 10µg/ml 
AR or AO MWNT exposure for 1, 4 or 24 hours.  Values were normalised to a GAPDH loading 
control and compared to an untreated control using the ΔΔCt method.  Data is expressed as 
mean ±SEM, n=4.  For statistical analysis a one sample t-test was performed with values 
compared to a non-treated control value of 0, *p<0.05 
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Figure 3.2.20  HPMVEC IL-6, IL-8 and MCP-1 gene regulation in response to 10µg/ml AR, 
P(M4-VP), P(MAA), P(PEGMA)or AO MWNTs.  Values were normalised to a GAPDH loading 
control and compared to an untreated control using the ΔΔCt method.  Data is expressed as 
median ±SEM, n=5.  For statistical analysis values were transformed to their logarithms to make 
the distribution more Gaussian, a one-sample t-test was then performed with values compared 
to a non-treated control value of 0, *p<0.05 
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Figure 3.2.21  Release of 
the inflammatory 
mediators IL-6 and IL-8 
from HPMVECs exposed to 
f-MWNTs for 4 or 24 hours.  

Cells were exposed to 1-
50µg/ml f-MWNTs for (A. & 
B.) 4 and (C. & D.) 24 hours 
and IL-6 (A. & C.) and IL-8 (B. 
& D.) levels in the cell culture 
supernatants were measured 
by ELISA.  Data is expressed 
as mean ± SEM, n=4.  One-
way ANOVA followed by 
Dunnett’s post-test; *p< 0.05, 
**p< 0.01 & ***p< 0.001. 
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ROS formation following MWNT exposure 

Following a 24 hour exposure to MWNTs, a significant reduction in ROS was observed in TT1 

cells (p<0.001), this was further reduced at 72 hours post exposure (Figure 3.2.22).  This result 

was concentration-dependent and at the highest concentration of 50µg/ml values were up to 

31% and 33% lower than the control values at 24 and 72 hours respectively.  At both 24 and 72 

hours AO-MWNT exposure resulted in the least variation in ROS levels.  The observed decrease 

in ROS was significant at MWNT concentrations as low as 1µg/ml for P(M4-VP) and AO-MWNT 

treated cells at 24 hours and all particles except P(PEGMA)-MWNTs at 72 hours. 
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Figure 3.2.22 ROS generation in TT1 cells determined by CM-H2DCFDA.  TT1 cells were 
exposed to 1, 5, 10, 25 and 50µg/ml of the indicated CNTs.  Levels of ROS were determined 
using the CM-H2DCFDA dye at 24 (A.) and 72 (B.) hours post exposure. Values represent % of 
untreated control, data is expressed as mean ± SEM.  One-way ANOVA followed by Dunnett’s 
post-test; *p<0.05, **p<0.01, ***p<0.001, n=4. 
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No obvious change in AT2 ROS was detected using the CM-H2DCFDA dye (n=1) (Figure 3.2.23).  

Due to the absence of cytotoxic or inflammatory response and the availability of primary human 

lung tissue this was not investigated further. 
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Figure 3.2.23  ROS generation in AT2 cells determined by CM-H2DCFDA.  AT2 cells were 
exposed to 1, 5, 10, 25 and 50µg/ml of the indicated CNTs.  Levels of ROS were determined 
using the CM-H2DCFDA dye at 24 hours post exposure. Values represent % of untreated control, 
n=1. 

 

Following exposure to MWNT for 1 hour, concentrations ≥25µg/ml of P(M4-VP) and 25µg/ml 

P(PEGMA)-MWNTs resulted in a significant increase in HPMVEC ROS (p<0.05).  By 3 hours, a 

significant effect was also observed in AR-MWNT treated cells (≥10µg/ml, p<0.05) and at 6 

hours all particles except AO-MWNT resulted in a concentration dependent increase in ROS in 

HPMVECs (>5µg/ml, p<0.05); an effect which was sustained at 24 hours.  The greatest increase 

in ROS was observed following exposure to P(M4-VP)-MWNTs; at 6 hours and 24 hours 

25µg/ml P(M4-VP)-MWNTs increased ROS by 107% (p<0.01) and 166% (p<0.001) respectively 

(Figure 3.2.24).   
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Figure 3.2.24 ROS formation in HPMVECs following MWNT exposure.  HPMVECs were 
exposed to 1-50µg/ml f-MWNTs for 1, 3, 6 or 24 hours and ROS formation was determined 
using the CM-H2DCFDA dye.  Data is expressed as mean ± SEM, n=4.  One-way ANOVA followed 
by Dunnett’s post-test; *p< 0.05, **p< 0.01. 

ROS generated in HPMVECs following exposure to 10µg/ml AR, P(M4-VP), (PMAA), and 

P(PEGMA)-MWNTs could be significantly reduced (p<0.01 – p<0.05) with the use of 5mM N-

acetylcysteine (NAC), 1mM glutathione or 100µM ascorbic acid anti-oxidants (Figure 3.2.25). 

Antioxidants had no effect on AO-MWNT which is expected as AO-MWNTs induced no 

significant ROS in these cells (Figure 3.2.25). 
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Figure 3.2.25 Effect of antioxidants on ROS formation in HPMVECs following 10µg/ml 
MWNT exposure.  HPMVECs were pre-treated with 5mM N-acetylcysteine (NAC), 1mM 
glutathione or 100µM ascorbic acid, before exposure to 10µg/ml f-MWNTs in the presence of 
the aforementioned antioxidants for 24 hours.  ROS formation was determined using the CM-
H2DCFDA dye.  All antioxidants significantly reduced ROS induced by MWNT exposure. Data is 
expressed as mean ± SEM, n=4.  Mann-Whitney t-test; *p< 0.05, **p< 0.01. 

Baseline release of IL-6 was unaffected by glutathione treatment, however, glutathione 

inhibited AO-MWNTs induced IL-6 release; the addition of glutathione reduced 25µg/ml AO-

MWNT induced IL-6 release from 521pg/ml to 303pg/ml (Figure 3.2.26 A+B).  

Following treatment with 1mM glutathione, baseline release of IL-8 was reduced from 1074 to 

402 pg/ml (Figure 3.2.26 C+D).  Similarly, IL-8 release following MWNT exposure was also 

partially inhibited, for example 5µg/ml AO-MWNT induced IL-8 release decreased from 

2007pg/ml to 1241pg/ml (Figure 3.2.26 C+D).   
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Figure 3.2.26  Effect of 
antioxidant addition on 
inflammatory cytokine 
release from HPMVECs.  

HPMVECs were either pre-
treated with 1mM glutathione 
prior to exposure to 1-50µg/ml 
f-MWNTs in the presence of 
1mM glutathione (B. & D.) or 
exposed to 1-50µg/ml f-MWNTs 
in the absence of glutathione (A. 
& C.) for 24 hours.  Release of 
the inflammatory cytokines IL-6 
(A. & B.) and IL-8 (C. & D.) Data 
is expressed as mean ± SEM, 
n=3.  One-way ANOVA followed 
by Dunnett’s post-test; *p< 0.05, 
**p< 0.01. 

-Glutathione +Glutathione 
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3.3. Discussion 

In vitro model characterisation 

The isolated primary human pulmonary endothelial cells (HPMVECs) used in this study were 

profiled for a range of endothelial markers as we developed a modified protocol for their 

isolation that had not been previously used. It is well established that it is not only macro and 

microvascular endothelial cells that differ, but that there is also heterogeneity between 

microvascular endothelial cells from different organ sites (Hewett & Murray, 1993; Kim & Kim, 

1991; Magee, Stone, Oldham, & Guice, 1994; Stevens, 2011).  It was therefore deemed important 

that we use pulmonary microvascular endothelial cells in this study, over other common 

alternatives such as human umbilical vein endothelial cells (HUVECs).   

Following the first isolation with anti-CD31-conjugated dynabeads, some cell cultures contained 

fibroblast-like cells that if left, would continue to grow over the cell monolayer, thus a second 

isolation step was required.  Following the second isolation with anti-CD31 dynabeads, the cells 

were extensively characterised.  At passages 2-8, cells displayed a number of characteristics 

indicative of an endothelial phenotype.  Cells formed tubular structures on BD-matrigel, 

produced endothelin-1 and E-selectin and were VE-cadherin, CD31, RAGE and caveolin-1 

positive.  A number of genes that are differentially expressed in endothelial cells in response to 

inflammatory stimuli were also induced in these cells following TNFα treatment, including 

ICAM-1, VCAM-1, E-selectin and Tissue Factor.  After the cell isolation protocol had been 

successfully established, cells from each donor were determined to be of an endothelial 

phenotype using VE-cadherin staining alone.   

Using this cell isolation method, it was possible to generate HPMVECs and AT2 cells from a 

single donor tissue without compromising either in vitro model, thus allowing for patient 

matched comparisons between cell types.   
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Differential cytotoxic responses observed following functionalised carbon nanotube exposure 

The MWNTs used is this study were not acutely cytotoxic to alveolar epithelial cells in vitro at 

concentrations as high at 50µg/ml.  Epithelial cells play a crucial role in lung defence and are 

essential components of the barrier between air and the  underlying  tissue (Fehrenbach, 2001; 

Thorley & Tetley, 2013; Thorley et al., 2011).  The lung is continuously exposed to inhaled 

particulate matter and thus it is unsurprising that these cells are able to tolerate some degree of 

particle load.  The LDH assay performed on TT1 cell supernatants, indicated that longer 

exposures of 24 and 72 hours resulted in cell membrane damage, a feature often associated 

with a cytotoxic response.  At 24 hours this was only apparent in cells treated with high 

concentration (≥25µg/ml) of P(MAA) or AO-MWNTs. Interestingly, -COOH groups introduced to 

the MWNT surface by acid oxidation and P(MAA) functional groups both carry a negative 

charge, indicating that at 24 hours the negatively charged particles may result in greater 

membrane damage.  By 72 hours all particles resulted in a concentration dependent release of 

LDH (p<0.001).  The MTS assay did not however indicate that there was a consistent, 

concentration dependent reduction in cell viability at 24 or 72 hours.  That the MTS and LDH 

assay do not correlate could be because the LDH assay is more sensitive than the MTS assay, 

that the LDH assay is detecting membrane damage induced by MWNTs that is not resulting in 

cell death, or alternatively that the cells are proliferating to counteract cell death. 

Neither the LDH nor MTS assays detected any change in AT2 viability following MWNT 

exposure.  The finding that CNTs were more reactive with TT1 than AT2 cells is important as 

AT2 cells are able to proliferate and differentiate into AT1 cells (Fehrenbach, 2001).  It is 

possible that damage as a result of AT1 toxicity could therefore be more transient than that as a 

result of AT2 toxicity due the ability of AT2 cells to divide, differentiate and repair barrier 

integrity.  The differential response of type-1 and type-2 alveolar epithelial cells could be due to 

the presence of the surfactant layer in AT2 cultures.  It is important to note that, in vivo, 

surfactant secreted by AT2 cells would also cover type-1 alveolar epithelial cells, and so the 
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presence of surfactant in TT1 cultures is more representative of the in vivo situation.  The 

presence of surfactant may reduce the amount of MWNTs that reach the cell surface, or provide 

a surfactant coating to the MWNT making them more inert.  Previous studies have indeed 

shown that the composition of the protein corona of nanoparticles can affect their bioreactivity 

(Saptarshi, Duschl, & Lopata, 2013).   

No study has previously addressed the question of the potential cytotoxic response to 

functionalised MWNT in primary human alveolar type-2 epithelial cells, however studies using 

the epithelial carcinoma cell line A549 (Pulskamp, Diabaté, & Krug, 2007), demonstrated that 

CNTs induced no cytotoxicity in these cells at concentration as high as 100µg/ml, but that some 

CNTs did induce ROS formation.  The four CNTs used in this study had a number of variables 

including their diameter, metal content and being both single and multi-walled.  In addition not 

all CNTs were well characterised and so although the authors suggested that metal-

contaminants were the underlying cause of ROS generation following exposure, it is unclear 

what the effect each variable had on toxicity. In contrast, a second study investigating the 

differential effects of alveolar epithelial and bronchial epithelial cells using the cells lines A549 

and BEAS-2B found MWNT to induce a small reduction in alveolar epithelial cell viability at 

similar concentrations to those used in this study, however MWNTs were much more toxic to 

the bronchial epithelial cells (Ursini et al., 2014).  The effect of functionalised MWNTs exposure 

on type-1 alveolar cell viability was addressed in the TT1 cell line in work completed by myself 

and published in an article published by our group in 2014 (Shu Chen et al., 2014). 

Not only could alveolar epithelial death disrupt the efficacy of gas exchange within the lungs but 

disruption of the alveolar-capillary barrier could allow increased access of particles to the 

underlying endothelium. Functionalised MWNTs showed signs of acute toxicity in 

microvascular endothelial cells.  Using the MTS assay HPMVEC viability appeared to decrease at 

4 hours, however the MTS assay indicated that populations had largely recovered by 24 hours.  

This could have been due to either an increase in mitochondrial activity or an increase in cell 
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proliferation that counteracted the reduction in cell activity due to cell death.  The BrdU assay 

was therefore carried out to investigate whether cell proliferation was occurring following 

MWNT exposure.  Results from the BrdU assay indicated that a likely cause of apparent 

recovery of the cell population could be increased cell proliferation; AR, P(M4-VP) and 

P(PEGMA)-MWNT which resulted in a significant, concentration-dependent reduction in 

mitochondrial activity at 4 hours, also displayed a significant concentration-dependent increase 

in cell proliferation at 24 hours.  Furthermore, P(MAA) and AO-MWNT exposure did not result 

in a significant decrease in HPMVEC viability at 4 hours and these same particle induced the 

smallest increase in cell proliferation at 24 hours (Figure 3.2.8 & Figure 3.2.9).   

Endothelial proliferation typically follows inflammation as part of the wound repair process; 

during proliferation additional extra-cellular matrix proteins are deposited to restore integrity 

to the wound and angiogenesis occurs to sustain the new tissue (Li, Zhang, & Kirsner, 2003).  

This is regulated by a number of growth factors including vascular endothelial growth factor 

(VEGF), angiopoietin-1 (Ang-1) fibroblast growth factor (FGF) and transforming growth factor 

beta (TGF-β) (Dimmeler & Zeiher, 2000; J. Li et al., 2003). 

Angiogenesis has previously been observed following in vivo instillation of fibres; following the 

intraperitoneal injection of crocidolite asbestos fibres into mice, vasculature was formed around 

clusters of asbestos fibres (Branchaud, MacDonald, & Kane, 1989).  Furthermore, angiogenesis 

has been observed in in vitro models following CNT exposure (Azad et al., 2013; Snyder-

Talkington et al., 2013).  In both CNT studies, angiogenesis was attributed to an increase in the 

pro-angiogenic factor VEGF.  HPMVECs do not however express detectable levels of the VEGF 

protein in monoculture (Snyder-Talkington et al., 2013).  Any angiogenic effect seen in HPMVEC 

monocultures would therefore be due to an increase in non-VEGF pro-angiogenic factors such 

as Ang-1 or nitric oxide or down-regulation of angiogenesis inhibitors such as thrombospondin 

(Dimmeler & Zeiher, 2000).  Whether f-MWNT exposure has an effect on HPMVEC angiogenesis 

should be analysed using assays such as the tube formation assay seen in Figure 3.2.5. 
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As previously mentioned, endothelial cell death could have implication for disease progression 

as this exposes circulating thrombotic factors to underlying Tissue Factor, thus inducing clot 

formation and the potential for plaque formation (Steffel et al., 2006).  Furthermore, endothelial 

cell death interrupts the integrity of the endothelial barrier which is essential for normal 

pulmonary function and tissue integrity (Mehta et al., 2004).  The increase in cell proliferation 

following the reduction in cell viability may be a reflection of the importance that the 

endothelial barrier remain functional.    

Particle uptake in alveolar epithelial and microvascular endothelial cells 

Levels of MWNT particle uptake varied greatly between both AT2 and TT1 epithelial cells and 

also between these epithelial cells and endothelial cells.  TEM analysis showed that TT1 cells 

internalised MWNT in very large macropinocytotic vesicles, resulting in an extremely high 

particle load in some cells.  This could account for the reduced cell viability over the longer 

periods of exposure and additionally contribute to the inflammatory response seen at 72 hours 

in TT1 cells.  Conversely, very few MWNTs were observed in AT2 cells, which coincided with the 

lack of a cytotoxic or inflammatory response, and the absence of any detectable ROS. 

Ursini et al (2014) studied the cytotoxic and inflammatory effects and the uptake of MWNT and 

COOH-MWNTs using the alveolar epithelial cell line, A549 and the bronchial epithelial cell line, 

BEAS-2B.  This study found higher uptake of MWNTs that had been -COOH modified, which 

corresponded to a higher cytotoxic response in BEAS-2B cells and a greater inflammatory 

response in A549 cells.  Although commonly used in in vitro studies due to their availability and 

the ease with which they can be cultured, A549 cells do not provide a perfect model for either 

type 1 or type 2 alveolar epithelial cells.  Using Raman spectroscopy it has been shown that 

A549 are more similar to differentiated AT1 cells than undifferentiated AT2 cells (Swain et al., 

2010).  There are however key differences in the phenotypes of AT1 cells and A549 cells which 

have meant that typically A549 cells are used as a type 2 alveolar epithelial cell model.  These 
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characteristics include the presence of lamellar bodies and microvilli and the production of the 

proteinase inhibitors SLPI and elafin (Davoren et al., 2007; Foster et al., 1998; van den Bogaard 

et al., 2009).  

Kostarelos et al indicated that their findings regarding CNT toxicity may be due to an uptake 

mechanism that is at least partially endocytosis-independent. Despite investigating nanoparticle 

uptake in a number of cell types including carcinoma cells, fibroblasts and keratinocytes this 

study does not address the question of f-MWNT uptake in primary human lung cells (Kostarelos 

et al., 2007).  Work by our group indicates that uptake of NPs varies significantly between these 

cells, notably the rate of particle uptake by type 1-like and type 2 alveolar epithelial cells is 

markedly different (Kemp et al., 2008).   

Both TT1 cells and HPMVECs endocytosed large quantities of MWNTs following exposure.  In 

TT1 cells there was evidence of macropinocytosis following exposure to all particles except AO-

MWNTs, which is likely due to the highly dispersed and water stable nature of AO-MWNTs, 

resulting in the absence of large agglomerates.  P(M4-VP)-MWNTs were frequently associated 

with the plasma membrane, a phenomenon which has been hypothesised to be due to 

electrostatic attraction between the cationic, positively charged particle and the plasma 

membrane (Chen et al., 2014).  Similarly, P(MAA)-MWNTs were often observed aligned parallel 

to, rather than inserted into the plasma membrane as was seen with other MWNTs.  It has been 

hypothesised that this may be due to electrostatic repulsion of the anionic, negatively charged 

P(MAA)-MWNTs (Chen et al., 2014).  Individual MWNT observed within the cell cytoplasm may 

have entered by piercing the plasma membrane (Al-Jamal et al., 2011; Chen et al., 2014; Shi et al, 

2011); this provides a potential explanation for the increased TT1 LDH release observed 

following MWNT exposure. 

HPMVECs have a great potential for the uptake of particles due to the large number of caveolae 

in these cells, (Mehta et al., 2004).  The greatest particle uptake in HPMVECs was observed 

following exposure to P(M4-VP) and AO-MWNTs.  Cells exposed to these particles had 
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distinctive localisation of CNTs to the area surrounding the cell nucleus where an abundance of 

lysosomes was also present.  Co-localisation of particles and lysosomes was not evident, 

however this may be due to MWNTs interfering with the fluorescent signal as has been 

observed in previous studies (Breznan et al., 2015).  As P(M4-VP) and AO-MWNTs were 

internalised to a greater extent than other MWNTs, and also induced the greatest inflammatory 

response, MWNT toxicity in HPMVEC may be uptake-dependent.  This should be further 

investigated using endocytosis inhibitors such as RNA interference technology targeting 

caveolin or clathrin formation.  It was not possible to determine whether MWNTs were present 

inside the cytoplasm or plasma membrane of HPMVEC due to the lower resolution of confocal 

microscopy. 

Differential reactivity of carbon nanotubes with TT1 or AT2 epithelial cells: release of 

inflammatory mediators and reactive oxygen species 

No inflammatory response was observed following exposure of AT2 cells to MWNT for 72 

hours.  In contrast, in TT1 cells there was a slight down-regulation of IL-6 gene expression 

accompanied by a decrease in IL-6 cytokine levels at 24 hours.  By 72 hours a pro-inflammatory 

response was evident in TT1 which was greatest for P(M4-VP)-modified MWNTs . 

As our MWNT induced no discernible toxic responses in AT2 cells, and only a moderate 

response in TT1 cells with prolonged exposure, it may be that these particles are tolerated at 

the alveolar epithelium in the short term.  Repeated exposure or inefficient particle clearance by 

resident macrophages could however lead to type 1 alveolar cell toxicity.  As AT2 cells are 

pluripotent and differentiate into type-1 epithelial cells (Fehrenbach, 2001), it may be that type-

1 cells lost as a result of MWNT exposure could be replaced by the largely unaffected AT2 cell 

population.   

That MWNT exposure is unlikely to be acutely toxic to AT2 cells is supported by a number of 

other in vitro and in vivo studies.  A study using the pulmonary carcinoma cell line A549 
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demonstrated that MWNTs were not acutely cytotoxic to these cells however the presence of 

transmission metals did result in an increase in ROS production (Pulskamp et al., 2007).  During 

this study we observed no increase in either type-1 or type-2 epithelial cell ROS production, in 

fact MWNT appeared to induce a decrease in TT1 ROS.  Several studies have previously 

identified that purified MWNTs can efficiently quench ROS, and it is thought that this might be 

due to grafting of the radical to the surface of the carbon nanotube (Fenoglio et al., 2006; 

Nymark et al., 2014).  As the reduction in TT1 cell ROS was least in AO-MWNTs treated cells, this 

may be due to the fact that these particles may already be saturated with surface oxygen groups.  

Interestingly, ROS levels are still low even when an inflammatory response is observed 72 hours 

following exposure.   

Contrasting the epithelial and endothelial inflammatory response to functionalised carbon 

nanotube exposure 

The response of endothelial cells to MWNT exposure was strikingly different from that of 

epithelial cells.  Whereas an inflammatory response was absent in AT2 cells and only observed 

after 72 hour exposure in TT1 cells, endothelial cells showed an inflammatory response at just 4 

hours at both the gene expression and protein level.  The CM-H2DCFDA dye showed that, unlike 

the response seen in epithelial cells, where ROS actually decreased following MWNT exposure, 

ROS levels in endothelial cells increased from as early as 1 hour and became highly significant 

by 6 hours for all particles except AO-MWNT.  It appears that the ROS quenching observed in 

TT1 cells is either overcome by the dramatic increase in HPMVEC ROS production or does not 

occur in this cell system. 

It was in endothelial cells that the functionalisation of MWNT had the greatest effect on their 

reactivity.  P(M4-VP) and AO-MWNT consistently induced the greatest up-regulation of pro-

inflammatory cytokines at both the gene expression and protein levels, however interestingly 

AO-MWNTs were the only MWNT not to induce any discernible ROS formation, even at 24 
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hours.  In contrast, exposure to P(M4-VP)-MWNTs increased ROS by up to 166% (Figure 3.2.24).  

In both TT1 and HPMVECs, P(M4-VP) modified carbon nanotubes were more pro-inflammatory 

than AR-MWNTs and P(PEGMA) and P(MAA) groups on the CNT surface reduced the pro-

inflammatory effects of the AR material.  Interestingly, acid oxidised MWNT caused the largest 

pro-inflammatory response in HPMVECs, however this was one of the least pro-inflammatory 

materials in TT1 cells.  This would indicate that the mechanism of toxicity varies between TT1 

and HPMVEC cells for this particle.  In HPMVECs, toxicity may be at least partially dependent on 

MWNT uptake as P(M4-VP) and AO-MWNTs showed both the greatest uptake and the greatest 

pro-inflammatory response, which in AO-MWNT treated cells was independent of ROS 

formation.   

Antioxidants were used to investigate whether ROS formation could be driving the pro-

inflammatory response observed in endothelial cells, and the application of anti-oxidants was 

effective in diminishing the levels of ROS detectable by the CM-H2DCFDA dye (Figure 3.2.25).  It 

was discovered however, that although antioxidants did reduce the baseline level of the 

inflammatory chemokine IL-8, the inflammatory response was still apparent.  Due to the fact 

that antioxidant addition reduced baseline IL-8 levels it could not be conclusively determined 

whether the reduction in IL-6 and IL-8 levels was a result of a general reduction of these 

mediators in HPMVECs, or whether antioxidants were abrogating the effect of the MWNTs.  The 

pro-inflammatory effects of MWNTs have been attributed to ROS induction (Møller et al., 2014); 

however, ROS is not necessarily the cause of inflammation (Fenoglio et al., 2006).  Indeed, 

during this study an inflammatory response was observed in TT1 cells accompanied by a 

decrease in ROS.  ROS can instead arise as a result of cellular damage, whereby the correct 

functioning of the mitochondria has been disturbed, or ROS can also act as a messenger 

molecule.  It should also be noted that the CM-H2DCFDA dye will also detect reactive nitrogen 

species, such as nitric oxide (NO) which is a potent vasodilator released by endothelial cells.  We 

attempted to measure NO alone using both the Greiss assay which measures nitrite and a NO 
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probe, however the cells did not yield enough NO to be detected by either system suggesting 

that NO was not a significant contributor to the increased fluorescence observed . 

3.4. Summary 

Whilst functionalised MWNT were not toxic to primary alveolar type 2 cells, they did induce a 

pro-inflammatory response and LDH release in type 1-like alveolar cells following a 72 hour 

exposure.  MWNT were more toxic to microvascular endothelial cells, inducing early cell death, 

a pro-inflammatory response and increase in reactive oxygen species (ROS).  In both TT1 cells 

and HPMVECs, P(M4-VP) modified carbon nanotubes were more pro-inflammatory than as-

received (AR) carbon nanotubes, and P(PEGMA) and P(MAA) groups on the CNT surface 

reduced the pro-inflammatory effects of the AR material.  A striking finding was the highly pro-

inflammatory nature of the acid oxidised (AO) CNTs in the endothelial and not the epithelial 

cells that was independent of ROS formation, indicating a cell specific toxicity mechanism. 

Cell type Viability Particle 

Uptake? 

Pro-inflammatory? ROS? 

TT1 ↓ ↑↑ ↑ ↓ 

AT2 - ↑ - - 

HPMVEC ↓↓ ↑↑ ↑↑ ↑↑ 

↓ ↓ large decrease 
↓ moderate decrease 
↑ moderate increase 
↑↑ large  increase 

Table 3.4.1.  Summary of the variable TT1, AT2 and HPMVEC responses following 
exposure to functionalised MWNTs 
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4.  ENDOTHELIAL ACTIVATION FOLLOWING MWNT EXPOSURE AND 

ITS DEPENDENCE ON MWNT SURFACE FUNCTIONALISATION 

4.1. Introduction 

In the 1960s, it was thought that endothelial cells were simply an inert lining to blood vessels 

which provided an anti-thrombotic surface to allow the free passage of blood.  However, it is 

now recognised that these cells play complex metabolically active roles in policing the interface 

between blood and underlying tissues (Hunt & Jurd, 1998).  The endothelium is able to do this 

by playing an active role in recruiting circulating leukocytes, maintaining vascular tone, 

allowing the passage of water, solutes and macromolecules via adjusting the endothelial barrier 

integrity, and inducing or inhibiting coagulation (Hunt & Jurd, 1998; Stevens, 2011).   

The quiescent endothelium supports vasodilatation, suppresses coagulation and platelet 

activity, promotes fibrinolysis, and censors inflammatory processes, including those that rely on 

activation and adhesion of leukocytes (van Hinsbergh, 2012).  If however the endothelium is 

perturbed it can enter into a pro-inflammatory and pro-thrombotic state (Becker, Heindl, 

Kupatt, & Zahler, 2000); this process is necessary for repair but can also have implications in the 

progression of diseases such as athersclerotic lesion formation (Johnson-Tidey, McGregor, 

Taylor, & Poston, 1994; K Ley & Huo, 2001).   
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Figure 4.1.1  Graphic representation of endothelial responses that may be initiated if 
CNTs induce endothelial activation.  Perturbed endothelium enters a pro-thrombotic, pro-
inflammatory state.  Inflammatory cytokines and chemokines are released in response to 
stimuli which can signal to neighbouring cells and enter the systemic circulation. In addition, 
cell adhesion molecules (CAMs) on the endothelial surface are upregulated which induce 
leukocyte recruitment, rolling and extravasation to underlying tissue. Tissue factor is expressed 
by activated endothelium which is a key initiator of the coagulation cascade, the process which 
regulates thrombin formation, coagulation and fibrin deposition at the vascular wall.  Activated 
endothelium also induces platelet aggregation and signals to smooth muscle cells to induce 
vasoconstriction (not shown).  

The role of cell adhesion molecules in leukocyte recruitment 

Leukocyte adhesion to endothelial cells is a key process in the development and progression of 

inflammation and is the result of selectin and immunoglobulin-like adhesion molecules on the 

endothelial cell surface interacting with their complimentary ligands on leukocyte membranes 

(Alon & Feigelson, 2002; Granger & Senchenkova, 2010; Kjaergaard, Dige, Krog, Tønnesen, & 

Wogensen, 2013).  Cell adhesion molecules activated on the endothelial cell surface include E-

selectin (CD62E), ICAM-1 (CD54), VCAM-1 (CD106) and PECAM-1 (CD31); these molecules play 

different roles in leukocyte adhesion, rolling and extravasation and have distinct ligands on the 

leukocyte surface (Table 4.1.1) (Kjaergaard et al., 2013). 
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Figure 4.1.2  Graphic representation of the role of cell adhesion molecules (CAMs) in 
leukocyte recruitment, rolling and extravasation.  Leukocytes initially tether to the 
endothelium via selectin mediated mechanisms; shown here is the interaction of glycoprotein 
on the leukocyte surface with endothelial E-selectin.  Firm attachment is aided by the 
interaction of immunoglobulin-like adhesion molecules including ICAM-1 and VCAM-1 which 
interact with integrins on the leukocyte surface. VCAM-1, ICAM-1 and leukocyte integrin 
interactions remain weak until the integrins become activated by arrest chemokines or 
leukocyte engagement of selectins. Figure adapted from (Springer, 1990).   

Once immune cells have become tethered to the endothelial wall by cell adhesion molecules 

these cells are in close proximity to endothelial chemokines, integrin ligands, and potential 

ligands for costimulatory receptors (Alon & Feigelson, 2002; Granger & Senchenkova, 2010).  

Chemokines, such as monocyte chemoattractant protein (MCP)-1 (CCL2), MCP-2 (CCL8), MIP-1α 

(CCL3), MIP-1β (CCL4) and RANTES (CCL5) have been implicated in leukocyte recruitment in 

animal models of atherosclerosis (Rao, Yang, Garcia-Cardena, & Luscinskas, 2007). These 

chemokines bind to chemokine receptors on the leukocyte surface and this binding triggers a 

signalling cascade culminating in activation of the leukocyte β1 and β2 integrins (Hogg, Patzak, 

& Willenbrock, 2011).  These integrins then bind to their counter-receptors on the endothelium 

which include the immunoglobulin-like adhesion molecules ICAM-1 and VCAM-1. 
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Molecule Cell 
expression 

Ligand Role in 
cascade 

Reference 

E-selectin EC L-selectin, Sialyl Lewisx, 
carbohydrates 

Rolling (Granger & 
Senchenkova, 2010; 
Rao et al., 2007) 

P-selectin Pla, EC PSGL-1, L-selectin, CD43 Capture, 
Rolling 

(Granger & 
Senchenkova, 2010; 
Rao et al., 2007) 

ICAM-1 EC, SMC, Leu β2 integrins: αLβ2 (LFA-1), 
αMβ2 (Mac-1), αDβ2, αXβ2 

Firm 
adhesion, 
extravasation 

(Alon & Feigelson, 
2002; Granger & 
Senchenkova, 2010; 
Rao et al., 2007) 

VCAM-1 EC, SMC α4 integrins: α4β1 (VLA-4), 
α4β7 

Rolling, firm 
adhesion 

(Alon & Feigelson, 
2002; Granger & 
Senchenkova, 2010; 
Rao et al., 2007) 

PECAM-1 EC, Pla, Leu PECAM-1 Signalling, 
extravasation 

(Granger & 
Senchenkova, 2010; 
Rao et al., 2007) 

Cell types: EC, endothelial cells; Pla, platelets; Leu, Leukocytes; SMC, smooth muscle cells 

Table 4.1.1 Major endothelial cell adhesion molecules involved in leukocyte recruitment. 

This study focused on the effect of MWNTs on the mRNA levels of the CAMs E-selectin, ICAM-1 

and VCAM-1.  Although all CAMs in Table 4.1.1 have been associated with atherosclerotic 

plaques in humans, not all CAMs increase mRNA expression in response to environmental 

stressors.  

The CAM P-selectin plays an important role in leukocyte trafficking in both mice and humans, 

however despite the observation of a sustained increased in expression of P-selectin on the 

surfaces of endothelial cells in human tissues with chronic or allergic inflammation, NF-κB– and 

ATF-2–dependent activators do not up-regulate expression of the human Selp gene; the gene 

encoding the P-selectin protein (Liu et al., 2010).  A study by Liu et al found that, following LPS 

and TNFα treatment, mice expressing the murine Selp gene displayed a significant increase in 

murine P-selectin mRNA.  Mice expressing the human Selp gene however, downregulated human 

P-selectin mRNA following the same LPS or TNFα treatment (Liu et al., 2010).  This study 

implies that upregulation of the P-selectin gene in mouse models may not be an accurate 

depiction of the potential atherogenic effects of a substance in humans as there is clearly a 

disparity in the mode of expression between these species.  As upregulation of the Selp gene is 
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not observed in human cells in response to pro-thrombotic or pro-inflammatory stimuli this 

CAM was excluded from our gene expression studies. 

Despite a clear role for PECAM-1 in leukocyte extravasation and evidence for PECAM 

association with atherosclerotic plaques the PECAM-1 gene is constitutively expressed and is 

not up-regulated by a pro-inflammatory stimulus (Hajra et al., 2000; Jefferson et al., 2011; Li et 

al., 2006).  

Cell adhesion molecules and disease progression 

Up-regulation of cell adhesion molecules, inflammation and induction of the coagulation cascade 

are part of the host-defence response that is central to wound repair and haemostasis.  Over-

expression of cell adhesion molecules is, however, implicated in the pathogenesis of a number of 

diseases including atherosclerosis (Galkina & Ley, 2007). 

Atherosclerosis is the underlying cause of the majority of cardiovascular events and is central to 

the pathogenesis of a number of diseases including coronary heart disease (CHD), peripheral 

arterial disease and ischaemic stroke (Lloyd-Jones et al., 2010; Napoli et al., 2006). In 2012, 

ischaemic heart disease and stroke were the first and third leading causes of premature loss of 

life, respectively (World Health Organisation (WHO), 2014). 

Up-regulation of P- and E-selectins and ICAM-1, PECAM-1 and VCAM-1 has been observed on 

endothelial surfaces overlying atherosclerotic lesions in humans (Johnson-Tidey et al., 1994; Li 

et al., 2006; O’Brien et al., 1993; van der Wal, Das, Tigges, & Becker, 1992).  A number of studies 

have further elucidated the role of these proteins in atherosclerotic plaque formation using 

mouse models. Collins and co-workers studied lesion formation in double knockout Apoe-/- mice 

and ICAM-/- mice that had received a low-fat, low-cholesterol diet.  ICAM-/- mice demonstrated a 

30% reduction in lesion formation and a 45% and 24% reduction in lesion formation was seen 

in P-selectin-/- and E-selectin-/- mice respectively (Collins et al., 2000).  A dramatic reduction of 

50-70% in the area of the aorta containing atherosclerotic fatty streaks was also observed in 
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C57BL/6 mice that had homozygous mutations in the β2 integrin gene and the endothelial 

CAMs, ICAM-1 and P-selectin and were fed a high-fat diet (Nageh et al., 1997).  Polymorphisms in 

the E-selectin gene have also been associated with an increased adhesive capacity under flow 

conditions and an increased risk of myocardial infarction (Wenzel et al, 1996; Yoshida et al, 

2003). 

Endothelium-derived thrombotic mediators 

In addition to the pro-inflammatory response previously mentioned, endothelial cells that enter 

into an activated state may also assume a pro-thrombotic state. Thrombin formation, 

coagulation and fibrin deposition at the vascular wall is regulated by the coagulation cascade 

(Becker et al., 2000).  The initial haemostatic response of the endothelium is triggered by 

circulating trace amounts of fVIIa and locally exposed tissue factor (Tanaka, Key, & Levy, 2009). 

 

Figure 4.1.3 Homeostatic regulation by the vascular endothelium.  Blue lines reflect normal 
endothelium activity and red lines show changes associated with dysfunctional endothelium.  
cAMP, cyclic adenosine monophosphate; NO, nitric oxide; PAI-1, plasminogen activator inhibitor 
type 1; TFPI, tissue factor pathway inhibitor; TM, thrombomodulin; t-PA, tissue-type 
plasminogen activator; vWF, von Willebrand factor.  Figure adapted from (Shantsila & Lip, 
2009).   

Tissue factor (TF), formerly known as thromboplastin is a 47kDA protein expressed in vascular 

and non-vascular cells, and is the main stimulus for thrombin generation (Mann, 2002; Sabatier, 

2002; Steffel et al., 2006).  TF is constitutively expressed in sub-endothelial cells and can trigger 
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rapid initiation of the coagulation cascade if the vessel wall is damaged.  To prevent 

inappropriate coagulation, endothelial and monocytic cells do not produce TF under normal 

physiological conditions (Libby & Simon, 2001; Steffel et al., 2006).  Endothelial TF is induced in 

response to a number of stimuli, including cytokines such as TNF-α, interleukin-1β or CD40 

ligand, by biogenic amines such as serotonin or histamine, and by mediators such as thrombin, 

oxidized LDL, or vascular endothelial growth factor (Steffel et al., 2006).  TF can interact with 

either the active or inactive form of circulating factor VII, the inactive form undergoes activation 

once conjugated to the TF protein.  The TF-VIIa complex can then either directly convert factor 

X to factor Xa or act via an intermediary protein, factor IX.  Factor Xa catalyses the conversion of 

prothrombin to thrombin, leading to fibrin formation, platelet activation and ultimately clot 

formation (Figure 4.1.3) (Shantsila & Lip, 2009; Steffel et al., 2006). 

Fibrin clot formation is regulated by the plasminogen activator system; a crucial role of this 

system is the conversion of plasminogen to plasmin by plasminogen activators.  Plasmin is a 

serine protease which plays an essential role in the degradation of fibrin and extracellular 

matrix protein complexes.  The activation of plasminogen into plasmin is mediated by two types 

of activators, urokinase-type plasminogen activator (u-PA) and tissue-type plasminogen 

activator (t-PA).  The activity of u-PA and t-PA is regulated by plasminogen activator inhibitors 

(PAI), of which the rapidly acting molecule PAI-1 is the principal inhibitor of both u-PA and t-PA  

(Figure 4.1.3) (Cesari, Pahor, & Incalzi, 2010).    

Carbon nanotube exposure and increased atherosclerotic plaque formation 

As discussed in section 1.1 the ultrafine fine (UF) fraction of ambient air pollution has been 

associated with adverse cardiovascular outcomes. This discovery sparked concerns 

surrounding the safety of NP and specifically CNT-induced cardiovascular reactivity and it has 

been hypothesised that CNTs may have similar adverse effects on cardiovascular health to those 

observed following UFP exposure (Legramante et al., 2009; Simeonova & Erdely, 2009).   



126 
 

In vivo mouse studies investigating this hypothesis found an association between respiratory 

exposure to CNTs and adverse cardiovascular outcomes, including accelerated atheroma 

formation (Cao et al., 2014; Erdely et al., 2009; Li et al., 2007; Nemmar et al., 2007; Xu et al., 

2012).  A study of Apoe-/- mice fed an atherogenic diet discovered that these animals displayed 

an accelerated rate of atherosclerotic plaque formation following a single intrapharyngeal 

instillation of SWCNTs (Li et al., 2007).  Furthermore, 24 hours post-exposure, mice 

intratracheally exposed to MWNTs had elevated plasma procoagulant microvesicular TF activity 

(Nemmar et al., 2007).  This was accompanied by transient activation of circulating platelets 

and enhanced peripheral thrombogenicity.  Neutralisation of P-selectin abolished CNT-induced 

thrombogenicity. indicating that this process was mediated by P-selectin activation (Nemmar et 

al., 2007).  SWCNTs intratracheally instilled in spontaneously hypertensive rats induced 

thickened arterial vessels, oedema, mild disordered arrangement of blood vessel cells in 

arterioles and histological lesions in the left ventricle 24 hours after the final exposure dose was 

administered (0.6mg SWCNT/rat was administered once a day for two continuous days).  In the 

same study, increased levels of the thrombotic mediators endothelin-1 (ET-1) and angiotensin 

converting enzyme (ACE) in plasma were also found in SWCNT-treated groups at both 24 and 

72 hours after exposure (Ge, Meng, et al., 2012).  Whether these responses are a result of direct 

particle interaction with vessels, or an indirect response to mediators released by cells of the 

pulmonary or immune systems, is currently unclear.  There is however some evidence that 

direct interaction between MWNTs and the vasculature could result in adverse cardiovascular 

health.  A low dose of 200µg MWNTs per kg body weight intravenously administered to 

Sprague-Dawley rats induced a significant exacerbation of atheromatous lesions and lipid 

deposition in the aortic intima.  Furthermore, the same in vivo dose also increased vWF levels in 

endothelial cells and serum concentrations of 20 and 50µg/ml MWNT significantly increased 

vWF levels at 24 hours post-exposure in a HUVEC in vitro model (Xu et al., 2012).   

Much of the current literature only investigates the effects of unmodified CNTs, despite the fact 

that CNTs are likely to be used in commercial products in a modified, rather than pristine form 
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so these findings may not be directly relevant to real life exposure.  Furthermore, these studies 

do not address whether functionalisation of CNTs could have implications for cardiovascular 

health in vivo or whether this effect is a direct result of CNT-induced endothelial activation.  It is 

therefore important to determine whether the adverse cardiovascular events observed 

following CNT exposure in vivo could be due to direct CNT interaction with the endothelium.  

CNTs entering the body via the pulmonary system have been observed in systemic organs 

providing evidence that these particles are able to translocate and interact directly with 

systemic targets including the vasculature (Chen et al., 2015; Mercer et al., 2013; Reddy, 

Krishna, Reddy, & Himabindu, 2010).  Furthermore, due to the increasing research into CNTs for 

biomedical applications, and the subsequent potential for a direct route of entry into the body, it 

is important to fully understand the importance CNT modification may have on CNT vascular 

reactivity (Lanone, Andujar, Kermanizadeh, & Boczkowski, 2013). 
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Overview: 

Here we investigate, using a primary in vitro model of the pulmonary microvasculature,  

whether direct interaction of f-MWNTs with the endothelium could have implications for 

cardiovascular health.  This is achieved by investigating the regulation of endothelial cell 

adhesion molecules and the subsequent effect this has on the adhesion of a monocytic cell line 

to the endothelial surface.  Furthermore, activators and inhibitors of the coagulation cascade are 

studied at the pre-transcriptional level as an indication of the presence or absence of a pro-

thrombotic response.  

Hypothesis: 

We hypothesised that MWNT exposure would increase HPMVEC cell adhesion molecule 

expression, leukocyte recruitment to the endothelium and regulation of thrombotic mediators.  

Furthermore we hypothesised that the endothelial response to MWNTs would be modulated by 

surface functionalisation of the MWNT.  Our specific aims were to determine: 

I. Whether MWNT exposure upregulates mRNA levels of the CAMs ICAM-1, VCAM-1 and E-

selectin, and if CAM expression was affected by MWNT surface modification. 

II. If upregulation of CAM mRNA translated to an increase in protein expression, and 

whether this response was transient or sustained. 

III. Whether MWNT exposure could trigger increased leukocyte adhesion to the 

endothelium. 

IV. If MWNT exposure could affect thrombotic gene regulation. 
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4.2. Results 

CAM gene regulation: E-selectin, ICAM-1, VCAM-1  

Assessment of CAM expression levels in HPMVECs following a 1 and 10µg/ml exposure to AR 

and AO-MWNTs revealed that both particles were able to induce CAM gene upregulation in 

vitro.  No effect was seen at the 1 hour time point for either AR or AO-MWNT exposed cells.  At 4 

hours, 10µg/ml of both AR and AO-MWNTs induced an increase in the expression of VCAM-1, 

ICAM-1 and E-selectin mRNA, however the acid oxidised MWNTs were far more reactive than 

their as received counter parts (Figure 4.2.1).  10µg/ml AO-MWNT increased median E-selectin 

mRNA 9.8 fold at 4 hours whereas AR-MWNT increased E-selectin mRNA 1.4 fold (p<0.05) 

(Figure 4.2.1 & Figure 4.2.2). For all genes studied, the response was greatest at 4 hours, 

however AO-MWNTs induced a sustained increase in ICAM-1 and E-selectin expression that was 

still evident at 24 hours post-exposure.  At 24 hours ICAM-1 and E-selectin mRNA was 

significantly increased, median values were 3.3 and 5.7 times higher than control values 

respectively (p<0.05).  A large degree of variation was observed between cells from different 

donors, however all data followed the same trend; the maximal increase in gene expression at 4 

hours with AO-MWNTs inducing a greater reaction than AR-MWNTs (Figure 4.2.1).   

Following the above optimisation study, the expression of CAMs following exposure to 10µg/ml 

AR, P(M4-VP), P(MAA), P(PEGMA) and AO-MWNTs was determined at 4 hours, the time point 

shown at which the greatest increase in the expression of CAMs following MWNT exposure was 

observed.  All MWNTs induced an increase in CAM expression; P(M4-VP) and AO-MWNTs 

induced a greater increase in ICAM-1, VCAM-1 and E-selectin mRNA expression than AR-MWNTs, 

whereas P(PEGMA) induced a smaller increase in CAM mRNA than AR-MWNTs (Figure 4.2.2).  

AO-MWNT exposure induced the greatest increase in ICAM-1, VCAM-1 and E-selectin mRNA 

expression (median values 3.4, 13.7 and 9.8 fold greater than control values, respectively, 

p<0.05). 
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Figure 4.2.1 MWNT-induced VCAM-1, E-selectin and ICAM-1 gene regulation in HPMVEC. 
HPMVEC were exposed to 1 or 10µg/ml AR or AO MWNTs for 1, 4 or 24 hours.  A). E-selectin B.) 
VCAM-1 and C.) ICAM-1 gene expression was assayed by RT-PCR.  Values were normalised to a 
GAPDH control and compared to an untreated control using the ΔΔCt method.  Data is expressed 
as mean ±SEM, n=4.  For statistical analysis a one-way sample t-test was performed with values 
compared to a non-treated control value of 0, *p<0.05. 
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Figure 4.2.2  f-MWNT-induced VCAM-1, E-selectin and ICAM-1 gene regulation in HPMVEC 
4 hours post-exposure. HPMVEC were exposed to 10µg/ml AR, P(M4-VP), P(MAA), P(PEGMA) 
or AO MWNT for 4 hours.  The expression of A). E-selectin, B.) ICAM-1 and C.) VCAM-1 genes was 
assayed by RT-PCR.  Values were normalised to a GAPDH control and compared to an untreated 
control using the ΔΔCt method.  Data is expressed as median ±SEM, n=5.  For statistical analysis 
values were log transformed, a one-sample t-test vs non-treated control value of 0 was used, 
*p<0.05. 
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E-selectin protein expression: lysates/supernatants 

Under resting conditions, bound E-selectin (derived from cell lysates) was approx. 1000pg/ml 

at 4, 24 and 72 hours in HPMVECs.  HPMVECs are contact inhibited cells and will not proliferate 

beyond confluency, thus 1000pg/ml E-selectin is the baseline level of the confluent HPMVEC 

monolayer (Figure 4.2.3).  E-selectin levels in HPMVECs exposed to P(M4-VP)-MWNTs and AO-

MWNT increased over 4 to 24 hours (2476 to 3244 and 3544 to 6346pg/ml respectively), 

whereas the expression of E-selectin following exposure to AR, P(PEGMA) and P(MAA)-MWNT 

was similar at 4 and 24 hours (Figure 4.2.3 A & B).  By 72 hours E-selectin levels have largely 

returned to baseline with only a small significant increase (<24%, p<0.05) observed in cells 

exposed to ≥25µg/ml P(M4-VP) and P(MAA)-MWNTs.  Cells exposed to ≥25µg/ml AO-MWNTs 

however, still expressed very high levels of E-selectin; E-selectin levels increased to 3561 and 

5729pg/ml for 25 and 50µg/ml exposures respectively (p<0.05) (Figure 4.2.3-C).  At 4, 24 and 

72 hours, doses as high as 50µg/ml P(PEGMA)-MWNTs induced no significant increase in bound 

E-selectin (Figure 4.2.3).  

In addition to bound E-selectin, soluble E-selectin (sE-selectin) was also measured in cell 

supernatants.  AR, P(M4-VP), P(MAA) and AO-MWNT exposure increased protein levels of the 

CAM E-selectin in a dose dependent manner.  Low levels of the soluble form of E-selectin (sE-

selectin) were detected in cell culture supernatants at all time points at both baseline and 

following MWNT exposure; at 4 hours all levels were below the limit of detection (data not 

shown).  At 24 hours sE-selectin levels increased following exposure to all MWNTs except those 

that had been functionalised with the PEGMA group (Figure 4.2.4-A).  The maximal increase in 

sE-selectin was observed following exposure to 50µg/ml AO-MWNTs, which was 7.5 fold 

greater than control values (p<0.001). This increase in sE-selectin was greater at 72 hours; the 

same particle, AO-MWNT induced a 34 fold increase at this time point (p<0.001).  At 72 hours 

25 and 50µg/ml P(PEGMA)-MWNTs induced a small but significant increase in sE-selectin levels  

of 10 and 13pg/ml (1.8 and 2.1 fold increase) respectively (p<0.05) (Figure 4.2.4-B).  
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Figure 4.2.3 E-selectin levels in HPMVEC lysates following f-MWNT exposure.  Cells were 
exposed to 1-50µg/ml f-MWNTs for (A.) 4, (B.) 24 and (C.) 72 hours and E-selectin levels in the 
cell lysates were measured by ELISA.  Assay limit of detection = 93.8pg/ml.  Data is expressed as 
mean ± SEM, n=4.  One-way ANOVA followed by Dunnett’s post-test; *p< 0.05, **p< 0.01 & ***p< 
0.001. 
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Figure 4.2.4 Soluble E-selectin levels in HPMVEC supernatants following f-MWNT 
exposure.  Cells were exposed to 1-50µg/ml f-MWNTs for (A.) 24 and (B.) 72 hours and sE-
selectin levels in the cell culture supernatants were measured by ELISA.  Assay limit of detection 
= 93.8pg/ml.  Data is expressed as mean ± SEM, n=4.  One-way ANOVA followed by Dunnett’s 
post-test; *p< 0.05, **p< 0.01 & ***p< 0.001. 
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U937/HPMVEC co-cultures 

Upregulation of CAM expression coincided with an increase in monocyte adhesion to the 

endothelial monolayer.  HPMVECs exposed to a positive control of 10ng/ml TNFα expressed 

high levels of the CAMs ICAM-1, VCAM-1 and E-selectin (Appendix V) which was associated with 

an increased number of adherent fluorescently labelled U937 monocytic cells following a 3 hour 

co-culture (Figure 4.2.5). 

Similarly, MWNTs also increased monocyte adhesion; when exposed to concentrations of 1, 5, 

10 and 25µg/ml AR-MWNTs, there was a dose-dependent increase in the number of 

fluorescently labelled monocytes visible (Figure 4.2.6).  The increase was not however 

significant at 10µg/ml following exposure to this particle.  Following exposure to 10µg/ml AR, 

P(M4-VP), P(MAA), P(PEGMA) and AO-MWNTs only P(M4-VP) and AO-MWNTs induced a 

significant increase in fluorescently labelled monocytes adhered to the endothelial monolayer 

(Figure 4.2.7 & Figure 4.2.8).  P(M4-VP)-MWNTs significantly increased the maximum 

fluorescent intensity of the image shown in Figure 4.2.7 by 164%, and AO-MWNTs increased 

this value by 125% (p<0.05) (Figure 4.2.8). 
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Figure 4.2.5 Monocyte adherence to a non-treated HPMVEC monolayer and HPMVECs 
stimulated with TNFα.  Fluorescently labelled U937 monocytes were co-cultured with non-
treated (A., C. & E.) and 10ng/ml TNFα stimulated (B., D., & F.) HPMVECs.  Following a 3 hour co-
culture non-adherent cells were removed by PBS washes and adherent cells were visualised by 
fluorescent microscopy.  Data shown is from a single experiment, representative of n=1. 
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Figure 4.2.6 Monocyte adherence to a HPMVEC monolayer exposed to AR-MWNTs.  Fluorescently labelled U937 monocytes were co-cultured 
with HPMVECs exposed to 1µg/ml (A., E. & I.), 5µg/ml (B., F. & J.), 10 µg/ml (C., G. & K.) and 25 µg/ml (D., H. & L.) AR-MWNTs.  Following a 3 hour co-
culture non-adherent cells were removed by PBS washes and adherent cells were visualised by fluorescent microscopy.  Data shown is from a single 
experiment, representative of n=1. 
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Figure 4.2.7  Monocyte adherence to a HPMVEC monolayer exposed to f-MWNTs.  Fluorescently labelled U937 monocytes were co-cultured 
with HPMVECs exposed to 10µg/ml AR, P(M4-VP), P(MAA), P(PEGMA) and AO MWNTs.  Following a 3 hour co-culture non-adherent cells were 
removed by PBS washes and adherent cells were visualised by fluorescent microscopy.  Data shown is from a single experiment, representative of 
n=1.
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Figure 4.2.8  Maximum fluorescence intensity (MFI) of FITC-U937 HPMVEC co-culture 
following exposure to f-MWNTs.  Fluorescently labelled U937 monocytes were co-cultured 
with HPMVECs exposed to 10µg/ml AR, P(M4-VP), P(MAA), P(PEGMA) and AO MWNTs.  5 
images were obtained from 5 replicates taken from a single plate using a FITC fluorescent lamp.  
All images were acquired from the centre of a well of a 24 well cell culture plate.  Mann-Whitney 
t-test; *p< 0.05. 
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Thrombotic gene regulation: TF, tPA, PAI-1 

TF gene expression levels increased at 4 hours in HPMVECs following exposure to 10µg/ml AR 

and AO-MWNTs.  The maximum increase in TF from endothelial cells derived from any donor 

was 4.9 fold when exposed to 10µg/ml AR-MWNT (p<0.05) compared to 14.7 fold when 

exposed to the same concentration of AO-MWNTs (Figure 4.2.9A).  The median TF mRNA fold 

change was however less in AO-MWNT exposed cells than AR-MWNT exposed cells, median TF 

mRNA fold change was 2.7 and 1.5 respectively.  This increase was transient and had resolved 

24 hours following exposure.  AR and AO-MWNTs exposure resulted in up-regulation of PAI-1 

and down-regulation of tPA.  At 4 hours, 1µg/ml and 10µg/ml AO-MWNT induced a significant 

upregulation in PAI-1 gene expression compared to control (1.3 and 1.7 fold respectively; 

p<0.05).  10µg/ml but not 1µg/ml AR-MWNT also induced a significant increase in PAI-1 mRNA 

of 1.4 fold (p<0.05) (Figure 4.2.9B).  Both 1µg/ml and 10µg/ml AO-MWNT induced a significant 

decrease in tPA mRNA, median values were 34% and 57% lower than control values 

respectively (p<0.05) (Figure 4.2.9C).   

The expression of thrombotic mediators following exposure to 10µg/ml AR, P(M4-VP), P(MAA), 

P(PEGMA) and AO-MWNTs was determined at 4 hours, the time point shown in Figure 4.2.9 at 

which the greatest change in thrombotic mediator expression following MWNT exposure was 

observed.  At 4 hours, all MWNTs increased TF expression and this increase was significant for 

all particles (p<0.05) except P(PEGMA) and AO-MWNTs.  P(M4-VP)-MWNT exposure induced 

the greatest increase in TF mRNA, median values were 4.9 fold greater than control values 

(p<0.05) and P(PEGMA)-MWNT induced the smallest increase in TF mRNA of 1.7 fold (Figure 

4.2.10). 

P(M-4VP) and AO-MWNT exposure resulted in the greatest change in PAI-1 expression, median 

values increased by 1.9 and 1.7 fold respectively following exposure to these particles (p<0.05) 
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(Figure 4.2.10C).  Only AO-MWNT exposure resulted in a significant down-regulation of tPA, a 

decrease of 57% (p<0.05) (Figure 4.2.10B).   
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Figure 4.2.9 MWNT-induced TF, tPA and PAI-1 gene regulation in HPMVEC. HPMVEC were 
exposed to 1 or 10µg/ml AR or AO MWNTs for 1, 4 or 24 hours.  A). tissue factor (TF) B.) tissue 
plasminogen activator (tPA) and C.) plasminogen activator inhibitor-1 (PAI-1) gene expression 
was assayed by RT-PCR.  Values were normalised to a GAPDH control and compared to an 
untreated control using the ΔΔCt method.  Data is expressed as mean ±SEM, n=4.  For statistical 
analysis a one-way sample t-test was performed with values compared to a non-treated control 
value of 0, *p<0.05. 
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Figure 4.2.10 f-MWNT-induced TF, tPA and PAI-1 gene regulation in HPMVEC 4 hours 
post-exposure. HPMVEC were exposed to 10µg/ml AR, P(M4-VP), P(MAA), P(PEGMA) or AO 
MWNT for 4 hours.  The expression of A). tissue factor (TF) B.) tissue plasminogen activator 
(tPA) and C.) plasminogen activator inhibitor-1 (PAI-1)  genes was assayed by RT-PCR.  Values 
were normalised to a GAPDH control and compared to an untreated control using the ΔΔCt 
method.  Data is expressed as median ±SEM, n=5.  For statistical analysis values were log 
transformed, a one-sample t-test was then performed with values compared to an untreated 
control value of 0, *p<0.05. 
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4.3. Discussion 

Monocyte recruitment following endothelial f-MWNT exposure 

This study has clearly demonstrated for the first time that MWNTs induce upregulation of 

endothelial CAM expression in primary human pulmonary microvascular endothelial cells and 

that the degree of CAM upregulation is dependent on surface functionalisation.  MWNTs in their 

as-received state initiated a mild up-regulation of the cell adhesion molecules ICAM-1, VCAM-1 

and E-selectin at the transcriptome level, which was accompanied by an observed dose-

dependent increase in both cellular and extracellular E-selectin protein.  P(M4-VP) and AO-

MWNTs increased CAM expression at both the pre- and post-translational level to a greater 

extent than AR-MWNTs. This could have implications for cardiovascular health as increased 

CAM expression and pulmonary inflammation in humans is associated with atherosclerosis and 

acute ischemic events (Galkina & Ley, 2007; Van Eeden et al., 2012). 

At 24 hours the trend in sE-selectin levels closely resembles levels of cell bound E-selectin 

which concurs with a previous study that demonstrated that soluble CAMs can be used as 

reliable biomarkers of endothelial activation, characterised by increased CAM expression at the 

cell surface (Kjaergaard et al., 2013).  Assaying soluble levels of E-selectin would be a useful 

biomarker for endothelial activation following f-MWNT exposure in vivo, as circulating levels 

could be assayed via a simple blood test.  The role of soluble cell-adhesion molecules is unclear 

however circulating CAMs migrate throughout the systemic vasculature and are associated with 

a number of diseases such as coronary heart disease and diabetes (Blankenberg et al., 2001; 

Meigs, Hu, Rifai, & Manson, 2004; Ridker, Buring, & Rifai, 2001).  It is thought that these 

molecules are generated either by the shedding of ectodomains of the membrane-bound forms 

of these molecules, or produced from transcript variants lacking the transmembrane domain 

(Kiechl et al., 2011).   
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A small but significant increase was observed in sE-selectin levels in cells exposed to AR and 

P(PEGMA)-MWNTs that was not reflected in E-selectin derived from cell lysates (Figure 4.2.3 & 

Figure 4.2.4).  This may be due to shedding of E-selectin molecules into the cell supernatant 

which are not replaced by increased E-selectin production, this would indicate that the E-

selectin levels in the supernatants may reflect an acute change in E-selectin expression.  

Increased expression of cell adhesion molecules was accompanied by an increase in monocyte 

adhesion to the endothelial monolayer following MWNT exposure.  That there are monocytes 

adhered to unstimulated endothelial cells is unsurprising as, in vivo, leukocytes are continually 

trafficked along the endothelial wall.  The function of over-expression of cell adhesion molecules 

is to increase recruitment and adhesion of leukocytes to the endothelial cell wall and promote 

extravasation;  this enables increased trafficking of leukocytes to points of injury so that these 

immune cells can aid in the repair process (Muller, 2009).  As observed in Figure 4.2.3 baseline 

E-selectin, (involved in initial leukocyte recruitment) is relatively high.  Baseline levels of CAMs 

involved in firm leukocyte adhesion and extravasion such as VCAM-1, is reportedly much lower 

(Ley & Huo, 2001).  Although increased monocyte adhesion was observed following exposure to 

all MWNTs, this was only significant for those which had been either modified with the P(M4-

VP) molecule or those which had been acid oxidised (AO-MWNTs).  Both particles also 

increased the expression of endothelial CAMs at the pre- and post-transcriptional level 

indicating that the increase in CAM expression would be sufficient to induce increased adhesion 

of monocyte to the endothelium – a process which is associated with the formation and 

progression of atherosclerotic lesions (Mestas & Ley, 2008).  To elucidate the role of specific 

CAMs in monocyte-endothelial interaction following f-MWNT exposure, siRNA could be 

employed to silence each of the CAMs or their corresponding monocyte ligand, and the 

subsequent effect this has on monocyte adhesion studied. 

A number of studies have observed pulmonary inflammation following intratracheal CNT 

exposure in murine models (Ma-Hock et al., 2009; Muller et al., 2005; Porter et al., 2010).  In 
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addition to playing a role in local vascular toxicity, increased CAM expression could contribute 

to this pulmonary inflammation.  CAMs play a crucial role in leukocyte extravasation to 

underlying tissue (Muller, 2009) and thus, these results indicate that if MWNT were able to 

reach the underlying endothelium following inhalation, they have the potential to upregulate 

molecules involved in leukocyte transendothelial migration.  The extravasation of circulating 

leukocytes to the pulmonary system could exacerbate inflammation generated by resident cells. 

Although CAM and monocyte adhesion to the endothelium are involved in the development of 

atherosclerosis, it is important to note that this is also an important aspect of the immune 

response, required to protect against injury or infection (Cronstein & Weissmann, 1993).  The 

initiation of defence mechanisms, coupled with proliferation following an early reduction in cell 

viability (section 3.2) is an indication that the endothelium may adapt to, and survive, stresses 

inflicted by acute MWNT exposure.  Other NPs including ZnO and CuO induce a largely cytotoxic 

response with an equivalent dose of 10µg/ml resulting in a 40 and 60% reduction in cell 

viability at 24 hours respectively (Sun et al., 2011). 

The regulation of thrombotic mediators following endothelial exposure to f-MWNT 

MWNT exposure induced a prothrombotic response; it increased mRNA expression of the key 

pro-thrombotic mediators tissue factor (TF) and plasminogen activator inhibitor type-1 (PAI-1).  

The severity of this reaction was highly dependent on MWNT functionalisation with P(M4-VP) 

and AO-MWNT inducing a greater pro-thrombotic response.  Exposure to AO-MWNTs also 

significantly decreased expression of the thrombosis inhibitor tissue-type plasminogen 

activator (tPA) indicating that following exposure to this particle, not only would there be an 

increase in fibrin clot formation but also a decrease in clot breakdown. 

Despite the higher water stability of the particles, P(M4-VP) and AO-MWNTs may not be ideal 

candidates for use in medicine due to the pro-thombotic nature of these particles and the 

subsequent potential for adverse cardiovascular side effects.  P(MAA) or P(PEGMA)-MWNTs 
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were less thrombogenic and may therefore induce less off-target effects.  P(PEGMA)-MWNTs 

induced a slightly smaller increase in TF expression than AR-MWNTs, indicating that P(PEGMA) 

functionalisation might provide a modest protection against the pro-thrombotic effect of as-

received MWNTs.  P(MAA) functionalisation did not appear to affect the regulation of pro-

thromobotic genes when compared to AR-MWNTs. 

Thrombosis can be a secondary effect of inflammation; pro-inflammatory stimuli are able to 

disturb the haemostatic balance on the surface of endothelial cells by changing the expression of 

several thrombotic factors, including TF, PAI-1 and tPA, in a concerted way that facilitates blood 

clot formation and thrombosis (Nan, Lin, Lumsden, Yao, & Chen, 2005).  The pro-thrombotic 

response observed following MWNT exposure may therefore be a secondary effect of the 

observed inflammation.  Indeed, it was P(M4-VP) and AO-MWNTs that induced not only the 

greatest pro-inflammatory response but also induced the greatest pro-thrombotic response.  It 

is important to note that both the pro-inflammatory and pro-thrombotic responses observed 

following AO-MWNT exposure occurred in the absence of ROS formation (chapter 3.2) 

suggestive of a ROS-independent mechanism of toxicity for this particle. 

Tissue factor (TF) is the key initiator of the coagulation cascade and is not expressed by the 

resting endothelium. Furthermore, induction of tissue factor following endothelial activation 

primarily occurs at the transcriptional level (Steffel et al., 2006).   Due to the low baseline 

expression of TF, an increase in expression results in a large fold change, as was evident in this 

study.  Unlike TF, PAI-1 and tPA, which regulate fibrin clot retention and breakdown 

respectively, are detectable in the quiescent endothelium.  Furthermore, tPA is stored in the 

Weibel-Palade bodies of endothelial cells and transiently released to promote fibrinolysis. 

(Tanaka et al., 2009).  All particles studied induced a significant increase in PAI-1 expression, 

however the greatest increase was following exposure to P(M4-VP)-MWNTs, however this was 

less than compared to the fold change in TF.  The differential expression of these thrombotic 

mediators in the resting endothelium is a likely cause of the less pronounced relative change in 
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PAI-1 and tPA than TF gene expression following MWNT exposure.  As a key propagator of the 

coagulation cascade, the initiation of TF expression is central to disease progression (Steffel et 

al., 2006). 

Following exposure to all MWNTs except P(PEGMA) and AO-MWNTs, TF expression was 

significantly increased at 4 hours.  There was a large degree of variability in the data for the AO-

MWNT particles.  It is possible that the onset of TF mRNA transcription was earlier or later than 

the 4 hour time point studied, or that AO-MWNTs induced a greater induction in TF in HPMVECs 

derived from different individuals.   

It is well recognised that a number of genetic loci are associated with a susceptibility to 

atheroma formation and cardiovascular disease (Lippi, Franchini, & Targher, 2011) and indeed, 

HPMVECs derived from different donors displayed variation in the magnitude of the response to 

10ng/ml TNFα exposure (Appendix V).  This suggests that the variability may be due to a 

general heightened or lessened response between donors to pro-inflammatory and pro-

thrombotic stimuli.  To study this phenomenon, HPMVECs derived from a larger donor pool 

should be employed to determine whether any correlations are observed between the presence 

of disease and MWNT toxicity.  This could determine whether MWNT exposure is especially 

harmful to individuals with pre-existing conditions.  A study of normotensive control Wistar-

Kyoto (WKY) and spontaneously hypertensive (SH) rats found a greater adverse cardiovascular 

reaction in SH rats following MWNT intratracheal instillation.  This was evidenced by a 

persistent decrease in heart rate, increased plasma fibrinogen and obvious morphological 

lesions in abdominal arteries of SH rats 30 days after exposure.  The authors of this study 

highlighted that more attention should be paid to the long-term toxic effects of MWCNTs, 

especially in those individuals with pre-existing cardiovascular diseases (Chen et al., 2015). 

MWNT interaction with the endothelium is a potential mechanism for the cardiovascular 

toxicity observed in vivo following MWNT exposure.  The potential for MWNT induced 

endothelial toxicity exists following both pulmonary exposure and intravenous injection due to 
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the ability of MWNTs to cross the pulmonary barrier to reach systemic organs (reported by 

Chen et al., 2015; Mercer et al., 2013; Reddy et al., 2010).  Here we have shown that, in a 

microvascular in vitro model, MWNTs induce monocyte adhesion to the endothelial cell surface 

and the release of thrombotic mediators, events associated with atherosclerotic plaque 

formation and thrombus formation in vivo. 

4.4. Summary 

MWNT exposure increased both pre- and post-translation levels of cell adhesion molecules in 

HPMVECs.  The intensity of this response was affected by MWNT surface functionalisation; 

P(M4-VP) and AO-MWNTs resulted in the greatest increase in CAM expression, corresponding 

to a significant increase in monocyte adherence at the endothelial surface.  MWNT exposure also 

resulted in a pro-thrombotic gene expression profile, with upregulation of the thrombotic genes 

tissue factor and tissue plasminogen activator inhibitor-1 and down regulation of the thrombosis-

inhibitor tissue plasminogen activator.  Upregulation of endothelial CAM and pro-thrombotic 

mediators is a plausible mechanism underlying the adverse cardiovascular effects observed 

following CNT exposure in vivo. 
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5.  DISRUPTION OF THE ALVEOLAR-CAPPILLARY BARRIER 

FOLLOWING EXPOSURE TO F-MWNTS 

5.1. Introduction 

For efficient gas exchange to occur there must be a highly specialised barrier separating air in 

the lung from fluid filled tissues (Overgaard, Mitchell, & Koval, 2012).  Maintenance of the air-

liquid interface integrity, through regulation of fluid transport and cell-cell interactions 

(Overgaard et al., 2012), is essential as alveoli are extremely sensitive to disrupted fluid balance 

(Mehta et al., 2004).  Loss of this function results in tissue inflammation which is a hallmark of a 

number of inflammatory diseases including pulmonary oedema and acute respiratory distress 

syndrome (ARDS) (Lum & Malik, 1994; Mehta et al., 2004; Mehta & Malik, 2006).  

Barrier permeability is defined by the movement of fluid and macromolecules via both 

transcellular and paracellular pathways.  Transcellular transport of fluid and proteins occurs 

through vesicular carriers, whereas paracellular transport of fluid and proteins occurs via gaps 

between adjacent cells (Lum & Malik, 1994; Prasain & Stevens, 2009).   

The transcellular pathway 

Transport of proteins across the healthy alveolar epithelium occurs primarily via the 

transcellular route, which may be either protein specific receptor mediated transcytosis or non-

specific fluid-phase endocytosis (Kim & Malik, 2003).  Similarly, the transport of protein and 

liquid in the undisturbed endothelium generally occurs via the transcellular pathway; however, 

in response to intrinsic and extrinsic stimuli, the endothelium also activates signalling pathways 

that allow transport of solutes through the paracellular pathway (Mehta & Malik, 2006). 

Proteins such as albumin, are typically transported via the transcellular pathway via vesicular 

carriers, such as caveolae.  Albumin and other transported proteins are critical for maintaining 

the protein flux between the vascular and extravascular space and furthermore, can act as 
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circulating chaperones for hydrophobic substances, fatty acids, and hormones (Mehta & Malik, 

2006). 

The paracellular pathway 

The degree of movement of molecules and cells via the paracellular pathway is dependent on 

cell-cell adhesion molecules.  In both alveolar epithelial cells and microvascular endothelial cells 

these adhesion molecules can be classed as forming either tight junctions, adherens junctions or 

gap junctions (Dejana & Orsenigo, 2013; Turowski et al., 2008).  Both cell types have a number 

of adhesion molecules that are cell specific, however others are conserved between cell types, 

for example,  desmosomes are present at epithelial, but not endothelial junctions (Dejana & 

Orsenigo, 2013).  The major tight junction classes are the claudins, occludins and junctional 

adhesion molecules (JAMs), which are present in both epithelial and endothelial cells.  Adherens 

junctions are located either immediately below tight junctions as part of the tripartite junctional 

complex, a structure which borders the apico-basolateral membrane and is implicated in barrier 

function (desmosomes form the third structure of this complex), or adherens junctions are also 

found separate from the tripartite complex (Niessen, 2007) (Figure 5.1.1).   

In a healthy endothelium only molecules with a molecular radius of less than 3nm can cross the 

endothelium via the paracellular or interendothelial junction pathway.  There are however a 

number of factors that can influence the permeability of the paracellular pathway including 

nutrients, cytokines and immune cells (Nusrat, Turner, & Madara, 2000).  Although circulating 

immune cells are able to cross the endothelial barrier to underlying tissue by transcellular 

migration, the primary site of diapedesis occurs at endothelial borders via paracellular 

migration (Ley, Laudanna, Cybulsky, & Nourshargh, 2007; Muller, 2011).  As leukocytes 

primarily transcend tissue barriers by paracellular migration, it is important that the 

endothelial and epithelial cell barriers are able to adapt to the changing needs of the 
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environment.  Significant loosening of the intercellular junctions is thought to be essential for 

effective paraceullar movement of leukocytes (Muller, 2011). 

 

Figure 5.1.1  Diagram depicting the major endothelial cell junction proteins. Tight 
junctions are characterised by occludin, claudins, and junctional adhesion molecules (JAMs); 
gap junctions are formed by connexins and adherens junctions, primarily by VE-cadherin.  
While the extracellular domains of these proteins maintain cell-cell contact, intracellular 
domains provide junctional stability through their linkages with the actin cytoskeleton via 
catenins (β-catenin, α-catenin, p120-catenin) or zona occluden-1 protein (ZO-1). Gap junctions 
allow the rapid exchange of information between adjacent cells in the form of low-molecular-
mass second messengers.  Adapted from (Mehta & Malik, 2006) 
 

The intracellular domains of tight junction and adherens junction proteins are connected to the 

actin cytoskeleton via zona occludin-1 (ZO-1) and catenins (α, β, γ, and p120), respectively 

(Mehta & Malik, 2006) (Figure 5.1.1). These cell–cell interactions, in concert with cell–matrix 

adhesion structures, counteract actomyosin contractile tension maintaining barrier function. 

Pathophysiological conditions, such as inflammation, trigger a series of signalling events which 

promote cell contraction and induce phosphorylation and disorganization of junction molecules 

resulting in intercellular gap formation and paracellular hyperpermeability (Qiang, Wu, & Yuan, 

2009).  Under pathological conditions passive diffusion of molecules via the paracellular route, 

may become the primary route of protein leakage (Kim & Malik, 2003).   Protein accumulation 

in alveoli may reduce the surface activity of surfactant, contributing to collapse of alveoli and 
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alveolar flooding, promote fibrosis, and generate reactive oxygen and nitrogen species leading 

to the precipitation and modification of proteins (Kim & Malik, 2003).  High levels of serum 

protein are found in the BAL of patients with pulmonary oedema, furthermore, large quantities 

of precipitated protein are observed in patients with acute respiratory distress syndrome 

(ARDS), and non-survivors have three times more protein in their air spaces than survivors  

(Kim & Malik, 2003).  The resolution of pulmonary edema requires a functional and intact 

alveolar epithelial barrier (Kim & Malik, 2003).   

In epithelial cells, it is thought that tight junctions are the critical determinant of epithelial 

barrier function (Overgaard et al., 2012).  Of the protein complexes that form tight junctions, 

claudins are the primary component that regulate the tight junction barrier and a decrease in 

claudin expression is associated with a number of diseases including pulmonary fibrosis, 

alcoholic lung syndrome and sepsis-induced ARDS (Förster, 2008; Kimata et al., 2003; 

Overgaard et al., 2012).   

The VE-cadherin protein in endothelial adherens junction regulation  

Whereas epithelial barrier integrity is primarily regulated by tight junctions, vascular 

permeability is increased by modifications in the expression of adherens junction components 

(Dejana & Orsenigo, 2013).  The vascular endothelial (VE)-cadherin adherens junction complex 

is the major component of the endothelial adherens junctions and is specific to endothelial cells 

(Dejana & Orsenigo, 2013; Vincent, Xiao, Buckley, & Kowalczyk, 2004). Adjacent VE-cadherin 

molecules form homophilic interactions in trans formation, and lateral interactions in cis, and 

are closely linked to the cell cytoskeleton through their association with actin microfilaments 

(Dejana & Orsenigo, 2013).  

The VE-cadherin adherens junction complex is known to rearrange to accommodate the need 

for trans-endothelial migration (TEM) of leukocytes and in response to other pro-inflammatory 

stimuli (Dejana & Orsenigo, 2013; Luscinskas et al, 2002; Turowski et al., 2008). Disassembly of 
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VE-cadherin is initiated by phosphorylation of sites such as the p120 and β-catenin binding sites 

of VE-cadherin protein (Allingham, van Buul, & Burridge, 2007; Turowski et al., 2008).  

Phosphorylation of the site associated with β-catenin binding leads to uncoupling of VE-

cadherin from the actin cytoskeleton, thereby weakening intercellular junctions (Allingham et 

al., 2007). p120-catenin stabilises VE-cadherin at junctions by preventing clathrin-mediated 

endocytosis, (Xiao et al., 2005); phosphylation of VE-cadherin at the site associated with p120 

binding therefore promotes VE-cadherin endocytosis (Potter, Barbero, & Cheresh, 2005). 

Nanoparticles and barrier permeability 

Under normal physiological conditions, the aforementioned transport mechanisms are tightly 

regulated, however, it has been observed that NPs can interfere with cell-cell junctions, thereby 

increasing barrier permeability.   

There is some evidence that NPs may have such an effect at the epithelium; an in vitro study of 

rat alveolar epithelial cells showed that exposure to UFP suspensions, quantum dots and 

SWCNTs (but not polystyrene nanoparticles) significantly decreased transepithelial electrical 

resistance (TEER), a technique routinely used to determine the integrity and permeability of cell 

monolayers (Yacobi et al., 2007).  A decrease in TEER was also observed in Calu-3 human 

airway epithelial cells exposed to MWNTs, which was accompanied by an increase in mannitol 

transport across the epithelial cell monolayer.  In the same study SWCNTs induced lesser 

changes in TEER and carbon black nanoparticles had no effect (Rotoli et al., 2008).  The effect of 

fibre length on Calu-3 TEER was also investigated using long and short MWNTs and SWCNTs 

and it was found that only the longer CNTs (0.5-100µm and 5-9µm for SWCNTs and MWNTs, 

respectively) induced a significant reduction in TEER at a concentration of 73µg/cm2 for an 

exposure period of 8 days (Rotoli et al., 2009).  Although there is some evidence to support NP 

induced epithelial barrier disruption, the influence of NP physicochemistry is poorly 

understood, as are the mechanisms underlying the increased permeability. There is also a 
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dearth of data surrounding the effects of NPs at the microvascular endothelium.  In vitro models 

using human microvascular cells have shown that iron oxide nanoparticles and multi walled 

carbon nanotubes increase cell monolayer permeability through oxidative stress mediated 

microtubule and actin remodelling, caused by an excess of ROS (Apopa et al., 2009; Pacurari et 

al., 2012). Furthermore, TiO2 NP exposure is thought to disrupt endothelial VE-cadherin 

homophilic complexes via direct TiO2 interaction with VE-cadherin molecules (Setyawati et al., 

2013).  The information regarding NP induced microvascular permeability is however 

extremely scarce and the effect of NP functionalisation is unknown. 

 In vivo, total BAL protein, as an indicator for maintenance of alveolar-capillary permeability, 

has been studied in rats following intratracheal exposure to MWNTs.; total protein markedly 

increased with MWNT exposure on day 1 and although this trend attenuated toward control 

levels thereafter, it was persistently higher than control values until day 91 (Aiso et al., 2010).  

Furthermore, subcutaneously injected TiO2 NPs increased leakiness of subcutaneous blood 

vessels in mice; leakiness was determined using Evan’s blue dye administered to the circulation.  

Intravenously administered TiO2 NP also increased tumour metastases, a marker of increased 

vessel leakiness (Setyawati et al., 2013). Taken together, the in vitro and in vivo findings indicate 

that, although there is some evidence supporting the implication of NPs in increased alveolar-

capillary permeability, the role of NP physiochemical properties is poorly understood.  In 

particular there is a lack of data surrounding the effects of NP functionalisation on cell-cell 

interactions at this barrier, which is an area of particular concern given the increasing interest 

in NPs for biomedical applications.   

Due to the ability of NPs to cross biological barriers via the paracellular route, the ability of 

nanoparticles to disrupt barrier integrity could have significant implications for their 

biodistribution following inhalation or injection. Whilst this could have potentially deleterious 

health effects in certain circumstances, there is increasing research attempting to exploit the 

ability of nanoparticles to cross barriers for use in drug delivery.  Researchers have for many 
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years been investigating how to manipulate the paracellular pathway for the delivery of drugs; 

biological barriers such as the blood brain barrier are difficult for therapeutics to transcend due 

to the lack of paracellular openings, pinocytosis and significant protein mediated efflux 

(Lockman, Koziara, Mumper, & Allen, 2004).  It is hoped that nanoparticle therapies will be an 

innovative way of allowing therapeutics to traverse these tightly regulated biological barriers 

(Biddlestone-Thorpe et al., 2012). In doing so, it is hoped that increased therapeutic availability 

at the disease site could allow the use of lower doses with increased efficacy and fewer off target 

effects (Rogueda & Traini, 2007). 
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Overview: 

This chapter will explore whether MWNT exposure can affect barrier function using an 

electrical cell-substrate impedance system alongside a protein transport assay.  In addition, the 

integrity of cell-cell junctions following exposure to MWNTs will be investigated by visualising 

the endothelial VE-cadherin complex using immunoblotting and immunostaining techniques.  

We use these parameters to compare and contrast the differential responses of the cells to the 

suite of functionalised CNTs and discuss the potential importance of these results in light of 

occupational or therapeutic exposure. 

Aims and Hypotheses: 

We hypothesised that MWNT exposure would disrupt epithelial and endothelial cell-cell 

interactions and increase the permeability of an in vitro model of barrier integrity, and that the 

degree of disruption would be dependent on MWNT surface functionalisation.  Furthermore, we 

hypothesised that the disruption in endothelial cell-cell interactions would be apparent in the 

adherens junction complexes.  Our specific aims were to determine: 

I. Whether MWNT exposure affected epithelial and endothelial barrier integrity using an 

electrical cell-substrate impedance system. 

II. If the results of the electrical cell-substrate impedance system were comparable to a 

traditional barrier permeability assay. 

III. Whether any loss in endothelial barrier integrity would be accompanied by changes in 

cell morphology and adherens junction protein expression. 

IV. If MWNT functionalisation  was a critical determinant in the nature and severity of the 

aforementioned reactions. 
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5.2. Results 

Electrical cell-substrate impedance sensing (ECIS) 

Cell proliferation and barrier integrity were measured using a technique called electrical cell-

substrate impedance sensing (ECIS), which can measure changes in cell behaviour in real time. 

Figure 5.2.1-A illustrates a typical plot of TT1 cell proliferation using the ECIS system, prior to 

MWNT exposure.  Cells were serum starved 24 hours after seeding (indicated by the arrow) and 

incubated for a further 24 hours in culture prior to MWNT exposure; during this time the cell 

index continued to rise, indicating that these cells continued to proliferate.  Furthermore, the 

cell index did not plateau when a confluent monolayer was observed but instead, would 

continue to rise indicating that these cells may not possess contact inhibition of growth.   

Exposure to MWNTs resulted in a decrease in the normalised cell index (CI) compared to non-

treated controls (Figure 5.2.1-B).  Normalised values are compared to the non-treated control at 

the time of exposure.  AO-MWNTs had the smallest effect on the TT1 cell CI at 24 hours, whereas 

P(PEGMA)-MWNTs had the greatest effect; AO-MWNTs induced a 4% decrease in CI, whereas 

P(PEGMA)-MWNTs induced 29% decrease (Figure 5.2.1-C).  Despite P(PEGMA)-MWNT 

exposure resulting in the greatest decrease in CI, the only significant decrease in TT1 CI at 24 

hours was observed following P(MAA)-MWNT exposure (19%, p<0.05) due to the variablity in 

results (Figure 5.2.1-C).  Beyond 58 hours following particle exposure we see a small decrease 

in the non-treated control value indicating a reduction in the integrity of the cell layer (Figure 

5.2.1-B). 
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Figure 5.2.1  TT1 cell iCelligence data. (A.) A typical curve depicting increases in Cell Index 
corresponding with TT1 cell growth on iCelligence E-plates.  The arrow indicates the addition of 
serum-free medium at 24 hours.  (B.) An example plot of TT1 normalised cell index values 
following exposure to functionalised carbon nanotubes. Normalised values are compared to the 
non-treated control at the time of exposure (t=0h).  (C.) A snapshot of cell index values 
compared to the untreated value at 24 hours following exposure to f-MWNTs. C.) Data is 
expressed as mean ±SEM, n=3.  For statistical analysis values were transformed to their 
logarithms to make the distribution more Gaussian, a one-sample t-test was then performed 
with values compared to a non-treated control value of 0, *p<0.05. 

When the above experiments were repeated with primary human AT2 cells it took 

approximately 10 hours for the AT2 cells to begin to firmly attach to the E-plate; after this 

period, the AT2 cell index rapidly increased.  The AT2 cell index reached a maximal value of 

approximately 12.7 before falling to approximately 11.5 where the value then plateaued.  A 

small spike can be seen where the serum-free media was applied (arrow) however following 

this period the cell index returned to its previous value.  Unlike TT1 cells, the AT2 cell index did 

not increase following serum starvation indicating a lack of continued cell proliferation (Figure 

5.2.2-A).   
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Following the addition of MWNTs the AT2 cell index value did not vary significantly from that of 

the non-treated control; at approximately 50 hours post exposure (Figure 5.2.2-B) the cell index 

values began to drop for all conditions, including the untreated control.  These values then 

continue to decrease until the experiment is terminated.  
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Figure 5.2.2  AT2 cell iCelligence data. (A.) A typical curve depicting increases in Cell Index 
corresponding with AT2 cell growth on iCelligence E-plates.  The asterisk indicates where the 
cell medium is replaced at 24 hours to remove non-adherent cells, the arrow indicates the 
addition of serum-free medium following a further 24 hours in culture. (B.) An example plot of 
AT2 normalised cell index values following exposure to functionalised carbon nanotubes.  
Normalised values are compared to the untreated control at the time of exposure (t=0h).   

Following a settling period of approximately 2.5 hours, the cell index of HPMVECs increased 

gradually.  Unlike TT1 cells, this value plateaued at 48 hours, indicating that these cells possess 

contact inhibition of growth and that at this point the cells have reached confluence and formed 

stable cell-cell adhesions (Figure 5.2.3-A). A disturbance in the growth curve can be seen 

following the addition of the 10X concentrate MWNT exposure solution (100µg/ml f-MWNTs 
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were applied as a 10X concentrate to achieve a final concentration of 10µg/ml).  This was 

evident in both cells which had received media alone or the f-MWNT treatment (Figure 5.2.3-B).   

The AO-MWNT-exposed and non-treated normalised CI values were similar, however all other 

MWNTs induced a significant decrease in CI (p<0.05).  This decrease was greatest in P(M4VP)-

MWNT exposed cells with CI values decreasing by 40%, P(MAA) and P(PEGMA)-MWNT induced 

a lesser decrease in normalised CI values, 30 and 35% respectively (p<0.05) (Figure 5.2.3-C).  

Despite this decrease compared to non-treated cells at 24 hours, the cell index value of all cells 

continued to rise slightly overall, indicating an increase in cell monolayer integrity (Figure 5.2.3-

B).   
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Figure 5.2.3 HPMVEC iCelligence data. (A.) A typical curve depicting increases in Cell Index 
corresponding with HPMVEC growth on iCelligence E-plates.  (B.) An example plot of HPMVEC 
normalised cell index values following exposure to functionalised carbon nanotubes.  
Normalised values are compared to the untreated control at the time of exposure (t=0h).  (C.) A 
snapshot of cell index values compared to the non-treated value at 24 hours following exposure 
to f-MWNTs.  C.) Data is expressed as mean ±SEM, n=3.  For statistical analysis values were 
transformed to their logarithms to make the distribution more Gaussian, a one-sample t-test 
was then performed with values compared to a non-treated control value of 0, *p<0.05. 
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EB-albumin permeability assay 

In order to confirm observations using the new ECIS method, the effect of MWNTs on barrier 

permeability was also assessed using the traditional Evans Blue permeability assay. For this 

study, the MWNTs that caused the least and greatest barrier disruption using ECIS were 

compared (Figure 5.2.4-A). HPMVECs treated with AR-MWNTs displayed a dose dependent 

increase in barrier permeability which was significant at concentrations greater than 5µg/ml 

(p<0.05) and resulted in an 8.4-fold increase in permeability at the highest concentration 

(p<0.001) compared to untreated cells. In stark contrast, AO-MWNTs did not induce any 

significant increase in HPMVEC barrier permeability, as observed with ECIS.  

To compare the differential barrier disrupting properties of functionalised MWNT, a dose of 

10µg/ml was used (Figure 5.2.4-B). At 24 hours, only as received and P(M4-VP)-MWNTs 

induced a significant increase in barrier permeability using this assay, resulting in a 5.7x 

(p<0.001) and 4.8x (p<0.01) increase respectively.  Although not statistically significant, both 

P(MAA) and P(PEGMA)-MWNTs increased HPMVEC barrier permeability by 3.4 fold.  AO-

MWNTs did not induce any detectable change in barrier permeability using this assay. 
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Figure 5.2.4 Endothelial barrier permeability determined by the EB-albumin 
permeability assay. HPMVECs were cultured on a permeable membrane and exposed to the A.) 
1-50µg/ml AR or AO-MWNTs or B.) 10µg/ml AR, P(M4VP), P(MAA), P(PEGMA) or AO-MWNTs,  
HPMVEC monolayers were exposed to MWNTs for 24 hours.   Following this exposure period, 
endothelial barrier permeability was determined by the EB-albumin permeability assay which 
involved the movement of Evan’s Blue conjugated to albumin across the permeable membrane.  
Data is expressed as mean ± SEM, n=4.  A.) One-way ANOVA followed by Dunnett’s post-test; 
*p< 0.05, ***p< 0.001. B.) For statistical analysis values were transformed to their logarithms to 
make the distribution more Gaussian, a one-sample t-test was then performed with values 
compared to a non-treated control value of 0; **p< 0.01, ***p< 0.001   

VE-cadherin/actin immunostaining 

To investigate the molecular mechanisms behind barrier disruption, HPMVECSs were stained 

for f-actin and VE-cadherin (Figure 5.2.5 & Figure 5.2.6). In resting monolayers, f-actin was 

arranged cortically (red) and the adherens junction protein VE-cadherin (green) was strongly 

expressed at cell-cell junctions.  Furthermore, in these cells there were very few visible gaps 

between cells.  Following a 3 hour exposure to 10µg/ml AR and P(M4-VP)-MWNTs, large holes 

in the cell monolayer were apparent (indicated by an asterisk *) (Figure 5.2.5).  Furthermore, 

smaller gaps between cells, with elongated VE-cadherin bridges, became apparent in AR, P(M4-

VP), P(MAA) and P(PEGMA)-MWNT treated cells (indicated by arrow heads), and an increase in 

non-cortically arranged f-actin was observed.  AO-MWNTs appeared to have no effect on the 

intensity of the VE-cadherin stain, the arrangement of f-actin or the formation of gaps at cell-cell 

junctions (Figure 5.2.5).   
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After 24 hours exposure, f-MWNTs caused further disruption to cell-cell junctions; larger, more 

widespread gaps appeared in the cell monolayers following exposure to AR or P(M4-VP)-

MWNTs and there appeared to be a loss in the intensity of the VE-cadherin stain. In addition, 

further re-arrangement of f-actin was observed (Figure 5.2.6).  As seen at 3 hour post-exposure, 

this effect was greatest in AR or P(M4-VP)-MWNT cells, AO-MWNTs exposure did not result in 

any apparent changes in f-actin or VE-cadherin.  Small gaps between cells exposed to P(MAA) 

and P(PEGMA)-MWNTs were observed (indicated by arrow heads), however these holes were 

less numerous than in the AR or P(M4-VP)-MWNT cell monolayer (Figure 5.2.6). 
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Figure 5.2.5  Immunostaining displaying the effect of a 3 hour f-MWNT exposure on 
HPMVEC junction integrity.  The adherens junction protein VE-cadherin is depicted in green, f-
actin in red and the cell nucleus in blue.  Arrows indicate gaps forming between adjacent cells, 
stars indicate large holes in the cell monolayer, possibly formed by MWNT induced cell death.  
Area inside white box is shown at a higher resolution below, scale bars are 10μm. 
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Figure 5.2.6  Immunostaining displaying the effect of a 24 hour f-MWNT exposure on 
HPMVEC junction integrity.  The adherens junction protein VE-cadherin is depicted in green, f-
actin in red and the cell nucleus in blue.  Arrows indicate gaps forming between adjacent cells, 
stars indicate large holes in the cell monolayer, possibly formed by MWNT induced cell death.  
Area inside white box is shown at a higher resolution below, scale bars are 10μm. 
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VE-cadherin western blots 

To further investigate the reduction in the intensity of the VE-cadherin stain following MWNT 

exposure, western blotting for VE-cadherin was performed.  Exposure to 10µg/ml AR-MWNTs 

significantly reduced VE-cadherin protein expression as early as 1 hour (59%, p<0.05) and 

despite a slight, but non-significant, recovery around 6 hours, expression had almost completely 

diminished by 24 hours (p<0.001) (Figure 5.2.7).  In contrast, HPMVECs treated with AO-

MWNTs showed no significant loss of VE-cadherin protein (Figure 5.2.8).   
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Figure 5.2.7  VE-cadherin protein expression following 10µg/ml AR-MWNT exposure 
determined by immunoblotting.  HPMVECs were exposed to AR-MWNTs for 1, 2, 4, 6, 8 or 24 
hours prior to protein collection. (A) Representative immunoblot, “-“ indicates a non-treated 
control, “+” indicates exposure to the AR-MWNTs.  (B) VE-cadherin expression relative to the 
non-treated control, values were normalised to a β-actin control.  Data is expressed as mean ± 
SEM, n=3.  One-sample t-test with values compared to a non-treated control value of 1; *p< 0.05, 
**p< 0.01, ***p< 0.001. 

 

 

A. 

B. 
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Figure 5.2.8  VE-cadherin protein expression following 10µg/ml AO-MWNT exposure 
determined by immunoblotting.  HPMVECs were exposed to AO-MWNTs for 1, 2, 4, 6, 8 or 24 
hours prior to protein collection. Representative immunoblot, “-“ indicates a non-treated 
control, “+” indicates exposure to the AO-MWNTs.   

5.3. Discussion 

Following exposure to MWNT, the barrier permeability of TT1 and HPMVEC, but not AT2 

monolayers increased.  In both TT1 and HPMVEC in vitro systems, AO-MWNT had little effect on 

barrier permeability whereas AR-MWNTs and thermochemically functionalised MWNT 

exposure induced a pronounced increase in barrier permeability.  Through the use of 

immunofluorescent microscopy it was clear that increased endothelial permeability was 

associated with the emergence of holes in the endothelial monolayer and the disruption of cell-

cell interactions.  This was accompanied by a loss of VE-cadherin protein. 

The integrity of microvascular endothelial and alveolar epithelial barriers following f-MWNT 

exposure 

MWNT exposure resulted in reduced barrier properties in both TT1 and HPMVEC monolayers.  

In the case of endothelial cells, this occurred despite the cells remaining confluent at 24 hours 

(Figure 3.2.8).  This may be a result of VE-cadherin phosphorylation and partial internalisation 

of the junctional adhesive proteins, which can have profound effects on the transport of solutes 

(Dejana & Orsenigo, 2013).  In the case of epithelial cells, the increase in barrier permeability 

was also independent of a reduction in cell viability, and is therefore likely due to breakdown in 

tight-junction complexes (Overgaard et al., 2012).   
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Exposure of AT2 cells to f-MWNTs resulted in no change in the cell index as indicated by the 

ECIS.  This further confirms the resilience of this cell to MWNT exposure, indicating that there is 

a possibility this important progenitor cell may remain largely unaffected by direct interaction 

with this material following inhalation exposure.  There was however a small change in the cell 

index of the type 1-like epithelial cell TT1 following exposure to f-MWNTs.  The low cytotoxic 

response of these cells to MWNTs (Figure 3.2.6) indicates that this is likely to be due to 

disruption of the cell-cell junctions.  Intercellular junctions in this cell line are however known 

to be weak, and it is thought that TT1 cells do not produce physiologically-relevant tight 

junctions (van den Bogaard et al., 2009).  It was therefore decided not to investigate these 

findings further as they may not be transferrable to an in vivo situation. 

In a similar response to that seen in TT1 cells following f-MWNT exposure, acid oxidised 

MWNTs had only a very small effect on HPMVEC cell index values.  This indicates that AO-

MWNTs are unlikely to induce increased barrier permeability at either the alveolar epithelial or 

microvascular endothelial interface, without signals from other resident cells.  In contrast, non-

acid oxidised MWNTs had a significant effect on epithelial and endothelial barrier permeability.  

P(M4-VP) functionalisation of MWNT resulted in the greatest increase in endothelial barrier 

permeability and reduced TT1 CI by 18%; exposure to this particle via the pulmonary or 

intravenous route could therefore have implications for the integrity of the blood-gas barrier.  If 

however, long-term exposures found this response to be transient, the barrier disrupting 

properties of this particle could be exploited to deliver molecules across tightly regulated 

biological barriers.  Using ECIS, P(PEGMA)-MWNTs induced the greatest increase in epithelial 

permeability however only the third greatest increase in endothelial permeability indicating 

that this particle may be more harmful if administered via the pulmonary rather than the 

intravenous route. 
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Figure 5.3.1 Diagram of the ECIS system.  
ECIS (Electric Cell-substrate Impedance 
Sensing) is a real-time, label-free, 
impedance-based method to study the 
activities of cells grown in tissue culture. 
These include morphological changes, cell 
locomotion, and other behaviours directed 
by the cell’s cytoskeleton. ECIS can be used 
to monitor the barrier function or 
permeability of the cell monolayer.  Figure 
adapted from Applied BioPhysics:  

http://www.biophysics.com/ecis-
theory.php 

 

Contrasting the Electrical Cell Impedance System with traditional permeability assays 

Whereas the ECIS system provides information regarding the strength of intercellular junctions 

and hence the potential for molecule movement via the paracellular pathway other traditional 

permeability assays do not discriminate between the potential for para- and transcellular 

movement.  The Evans Blue assay uses the movement of albumin conjugated to a coloured dye 

from one chamber of a transwell system to another.  It is possible that movement of protein 

through this system could be due to energy-dependent transcellular movement rather than 

disruption of cell-cell interactions.   

Using the EB-albumin assay it was determined that, as seen using the ECIS assay (results not 

shown), AR-MWNT exposure results in a dose dependent increase in HPMVEC barrier integrity.  

Similarly AO-MWNT exposure resulted in no change in barrier integrity as assayed using either 

the ECIS or EB-albumin permeability assays (Figure 5.2.4).  Both the ECIS and EB-albumin 

systems indicated the same pattern of f-MWNT-induced disruption at the HPMVEC barrier with 

the pattern of toxicity P(M4-VP), AR, P(PEGMA) > P(MAA) > AO-MWNTs.  As the ECIS result only 
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reflects changes in paracellular permeability, whereas the EB-albumin assay does not 

discriminate between transcellular and paracellular pathways, it can be presumed that the 

majority of permeability alterations are a result of changes in intercellular interactions.  As the 

healthy endothelium maintains a highly selective barrier and alterations in the endothelial 

barrier permeability are associated with a number of severe diseases including pulmonary 

oedema and acute respiratory distress syndrome (ARDS) (Lum & Malik, 1994; Mehta et al., 

2004; Mehta & Malik, 2006) it can be assumed that a loss of barrier function as a result of 

MWNT exposure measured by both assay systems can be seen as a marker of toxicity.   

The EB-albumin assay and ECIS systems produced largely similar results, however ECIS allows 

us to view changes in barrier permeability and cell morphology continuously over time. Using 

the ECIS system we were able to observe that changes in barrier permeability between non-

treated cells and f-MWNT treated cells occur soon after exposure, however these changes 

become more pronounced following longer exposure periods.  Preliminary studies indicated 

that no change in barrier permeability could be observed using the EB-albumin assay at 4 hours 

(results not shown) indicating that the ECIS is a more sensitive system.      

Endothelial adherens junctions disassembly following MWNT exposure 

We hypothesised that the changes in HPMVEC paracellular permeability following exposure to 

f-MWNTs could be due to alterations in the adherens junctions protein complexes that HPMVEC 

have been shown to express in vitro (Luissint et al., 2012). Occasional large holes in the cell 

monolayer were observed following exposure to 10µg/ml AR or P(M4-VP) at 3 but not 24 hours 

which is possibly due to a loss in cell viability (see section 3.2).   Our results demonstrated 

however, that disruption of intercellular junctions, and not a loss in cell viability was the likely 

primary cause of the increased barrier permeability.   

With the exception of AO-MWNTs, exposure to MWNTs resulted in a rapid disruption of the 

endothelial adherens junction complex that coincided with increased barrier permeability 
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indicated by both the ECIS and the EB-albumin permeability assays.  Intercellular VE-cadherin 

junctions were not only disrupted; immunostaining and immunoblotting indicated a decrease in 

the abundance of the VE-cadherin protein following exposure to AR-MWNT.  Reactive oxygen 

species are known to mediate Rac-induced loss of adhesion junctions in endothelial cells (van 

Wetering et al., 2002).  Interestingly those particles that induced the greatest loss in VE-

cadherin junctions also induced the greatest increase in ROS (see section 3.2)  Acid oxidised 

MWNTs were the only particle to induce no increase in endothelial ROS and these were also the 

only particle to not disrupt VE-cadherin complexes.  Although without further investigation into 

the effect of anti-oxidants on adherens junction integrity no causal relationship can be 

identified, it is highly likely that ROS play a part in the disruption of VE-cadherin complexes 

following MWNT exposure, and this warrants further investigation. 

 

Figure 5.3.2  Diagram depicting the likely disassembly of adherens junction proteins, VE-
cadherin lysis and actin cytoskeleton rearrangement following MWNT exposure.   
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It is possible that MWNT interference with the VE-cadherins complex could affect the rate of 

particle uptake.  Activation of signalling cascades that result in VE-cadherin phosphorylation 

can lead to destabilisation of the VE-cadherin-catenin complex leading to VE-cadherin 

internalisation and actin skeleton remodelling.  It is thought that if NPs are to interact with the 

VE-cadherin complex, concurrent internalisation of particle and protein may occur (Setyawati et 

al., 2013). 

It is apparent through immunostaining, ECIS and the EB-albumin assay that the 

functionalisation of MWNTs with P(MAA) or P(PEGMA) groups abrogates the endothelial cell-

cell junction disrupting properties of as-received MWNTs.  Although AO-MWNT exposure may 

have the least effect on barrier function, these particles induced the greatest endothelial pro-

inflammatory and pro-thrombotic response, indicating that these particles may induce other 

adverse effects in vivo (shown in Chapters 3 and 4).  As P(MAA) functionalisation of the as-

received MWNTs attenuated the barrier disrupting properties of these particles in both epi- and 

endothelial cells, this particle may be more suitable for biomedical applications, as P(MAA) 

functionalisation may reduce off-target effects.  In TT1 cells, TEM showed that P(MAA)-MWNTs 

were often aligned parallel to, and not inserted into, the plasma membrane.  It may be that this 

is a contributing factor to the reduced barrier disrupting properties of this particle.  Similarly, in 

TT1 cells, P(M4-VP)-MWNTs were frequently observed inserted into the plasma membrane and 

P(M4-VP) functionalisation induced the greatest increase in barrier permeability.  Studies 

wishing to exploit NP properties to administer molecules across tightly regulated barriers 

should therefore consider P(M4-VP) functionalisation. 
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5.4. Summary 

Using ECIS, AR and thermochemically functionalised MWNT exposure was shown to induce 

changes in both TT1 and HPMVEC barrier permeability; furthermore the severity of the reaction 

was shown to be dependent on the functional group present at the MWNT surface.  No change in 

AT2 barrier permeability was observed following exposure to f-MWNTs and AO-MWNT 

exposure induced no change in barrier permeability in any cell model.   Disruption of VE-

cadherin complexes at HPMVEC junctions and loss of the VE-cadherin protein was observed 

following exposure to AR, and thermochemically functionalised MWNTs.  This effect was 

sustained at 24 hour post-exposure and suggests that VE-cadherin loss at the endothelial 

barrier may be responsible for the reduction in endothelial barrier integrity.  Disruption of the 

alveolar-capillary barrier in vivo could have profound implication for human health and 

facilitate the translocation of NP across this biological barrier. 
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6.  DEVELOPMENT OF A NOVEL 3D IN VITRO MODEL OF THE 

ALVEOLAR-CAPILLARY UNIT AND ITS RELEVANCE AS A 

NANOPARTICLE TOXICITY ASSAY 

6.1. Introduction 

An introduction to alveolar-capillary in vitro systems 

A number of studies have recognised that there are disparities in the responses of pulmonary 

mono-culture in vitro systems and in vivo systems following exposures to nanoparticles.  When 

assessing the pulmonary toxicity of diesel exhaust particulate using in vitro and in vivo systems, 

Seagrave and co-workers noted that the rank order of hazard potency from the in vitro assays in 

general did not correspond well to the ranking results from the in vivo comparisons of the same 

samples (Sayes et al., 2007; Seagrave et al., 2002; Seagrave, McDonald, & Mauderly, 2005).  

Furthermore Sayes and co-workers assessed the toxicity of a variety of particles ranging from 

50-3000nm (carbonyl iron, crystalline silica, precipitated amorphous silica,  and zinc oxide) 

using both in vitro and in vivo systems and discovered that, when considering the range of 

toxicity of the different particles, the comparisons of in vivo and in vitro measurements 

demonstrated little correlation (Sayes et al., 2007).  In light of these findings, it has been 

suggested that “more sophisticated in vitro cell culture systems need further development and 

validation (relative to in vivo effects) to facilitate cost-effective screening systems to gauge the 

relative toxicity of inhaled particles” (Sayes et al., 2007). This has led to the generation of a 

number of in vitro systems attempting to replicate various aspects of pulmonary physiology. 

Current co-culture models to study pulmonary nanoparticle toxicity 

A wide range of in vitro, ex vivo and in vivo models are currently used to investigate the potential 

adverse effects of nano-sized particles in the lung. in vitro methods offer the advantage that 

cellular and subcellular processes and their underlying molecular pathways can be studied with 
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greater ease in a highly controlled system (Rothen-Rutishauser et al., 2008).  In addition, the use 

of in vitro models is in line with the vision of the National Centre for the Replacement, 

Refinement and Reduction of Animals in Research (NC3Rs), which promotes the development of 

alternative methods to research involving the use of animals (Ministry of Health, 2008).   

In vitro systems may be constructed using cells that are either freshly isolated from primary 

tissue (primary cells) or cells derived from an immortalised cell line.  Cell lines are more 

homogenous than primary cells, and hence produce greater reproducibility, however they are 

arguably less representative of normal in vivo conditions.  Continuous cell lines are poorly 

differentiated and lose many of the phenotypic in vivo characteristics of the cell type in vivo 

(Hartung et al., 2002).  In contrast, each isolate of primary cells is unique, better reflecting the 

true inter-subject variation, and thus greater experimental variability in results is often 

observed.  In addition, these cells are often difficult to culture and depend on the availability of 

tissue and the number of cells that can be harvested during each isolation (Hartung et al., 2002; 

Rothen-Rutishauser et al., 2008).   

By studying cells in monocultures it is possible to gain an insight into the effects of direct 

particle interaction with a specific cell type, however in vivo, these cells are also affected by 

signals from neighbouring cells.  There have been several attempts to mimic the cellular 

organisation of the peripheral lung using in vitro systems (summarised in Table 6.1.1), however 

the majority of these systems have focused on cell line models. 
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Component cells Reference 

A549 (human lung adenocarcinoma cell lines),   

EA.hy 926 (endothelial cells),  

THP-1 (differentiated macrophage-like cell line),  

HMC-1 (mast cells) 

(Klein, Serchi, Hoffmann, Blömeke, & Gutleb, 2013) 

A549 (alveolar type-2 cell line),   

Differentiated dendritic cells (DCs) 

Differentiated alveolar macrophages (AMs) 

(Rothen-Rutishauser, Kiama, & Gehr, 2005) 

Small airway epithelial cells (SEACs) 

Human Pulmonary Microvascular Cells (HMVECs) 

(Snyder-Talkington et al., 2013) 

Human Pulmonary Microvascular Cells (HPMECs) 

Human type-2 alveolar epithelial cells (AT2 cells) – allowed to differentiate to AT1-

like cells 

(Hermanns et al., 2009) 

Human Pulmonary Microvascular Cells (HPMECs), 

A549/NC1 441 (human lung adenocarcinoma cell lines) 

(Hermanns, Unger, Kehe, Peters, & Kirkpatrick, 2004) 

A549 (human lung adenocarcinoma cell lines), 

THP-1 (differentiated macrophage-like cell line),  

(Wottrich, Diabaté, & Krug, 2004) 

Human type-2 alveolar epithelial cells (AT2 cells) – allowed to differentiate to AT1-

like cells 

MDM (monocyte-derived macrophages) 

MDDC (monocyte-derived dendritic cells) 

(Lehmann et al., 2011) 

H441 (human lung adenocarcinoma cell line) 

ISO-HAS-1 (human microvascular endothelial cell line) 

(Kasper et al., 2011) 

Table 6.1.1 Published co-culture models representing the peripheral airways. 
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A primary model has previously been generated using AT2 cells and HPMVECs where the AT2 

cells were cultured for 7-11 days until the cells exhibited an AT1-like morphology, however 

these cells contained both microvilli and caveolae, and contained remnants of lamellar bodies 

indicating that these cells may not have fully differentiated (Hermanns et al., 2009).  In this 

system, the number of AT2 to TT1-like cells is difficult to regulate due to the longer culture 

period and progressive change from AT2 to AT1 like morphology.  It has also been 

demonstrated that beyond 3 days in culture the electrical resistance of an AT2 monolayer 

decreases indicating that either the health of the monolayer or the intercellular junctions have 

been compromised (Figure 5.2.2).  Alternatively, this drop in electrical resistance could be due 

to a change from AT2 to AT1-like morphology, with a subsequent change in intercellular 

junctions, however this is currently only speculative as there is no literature describing the 

electrical resistance of an AT2 monolayer during transition to an AT1-like morphology.      

Several models of the alveolar-capillary barrier use endothelial cells which have been 

immortalised for use in cell culture.  However, Unger and colleagues found that, “regardless of 

their origin, endothelial cell lines isolated from tumors, through fusion with other cells, or by 

introduction of specific “immortalisation” genes into primary cells exhibited not only changes in 

the normal growth control mechanisms allowing cells to replicate indefinitely in vitro, but 

almost always exhibited significantly reduced expression of specific endothelial characteristics 

compared with primary endothelial cells in culture” (Unger, Krump-Konvalinkova, Peters, & 

Kirkpatrick, 2002).  Therefore, due to the loss of phenotype characteristics in cell lines and the 

paucity of data generated using primary cell models, it is our belief therefore that a three 

dimensional system comprising primary pulmonary microvascular endothelial cells and 

alveolar type 2 epithelial cells isolated from resected human tissue, alongside immortalised 

alveolar type 1-like epithelial cells, would provide a unique and effective model of the human 

air-blood interface. 
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Co-culture versus mono-culture findings 

A number of studies have identified inconsistencies between monoculture and co-culture 

systems when investigating nanoparticle toxicology.  As a result there has been a recent effort to 

determine which in vitro lung models are the most effective when studying the effects of 

nanoparticles. 

A recent study by Clift et al (2014) compared the cytotoxic, inflammatory and oxidative effects 

of single and multi-walled carbon nanotubes in commonly used in vitro models.  These models 

included human blood monocyte-derived macrophages (MDM), monocyte-derived dendritic 

cells (MDDC), 16HBE14o- epithelial cells, and a triple cell co- culture model incorporating all 3 

previous mentioned cell types.  The results demonstrated significant differences between the 

mono-culture and co-culture models; in MDM and MDDC monocultures, MWCNTs induced the 

greatest increase in TNFα release, whereas in the triple co-culture model, this was comparable 

to the effect of DEP and SWCNTs.  In contrast, the trend in the decrease of the intracellular thiol 

GSH was greater in co-culture than mono-culture in vitro models; following exposure of 

crocidolite asbestos fibres, DEPs, SWCNTs, and MWCNTs the co-culture model showed a 10-fold, 

significant increase (p<0.05) in the intracellular reduced GSH content compared with each 

monoculture assessed, a result which supports previous findings (Gasser et al., 2012; Müller et 

al., 2010).  Using the same triple cell co-culture model, it was noted that effects in triple cell co-

cultures, including total antioxidant capacity, were in general attenuated compared to MDM 

alone. Furthermore, TNFα levels were higher than expected from the monoculture results (an 

effect also seen in the control samples), and IL-8 levels were lower, but these changes in 

cytokine/chemokine levels were not statistically significant.  There is significant evidence 

therefore that, under certain conditions, there is a synergistic effect between cell types that 

modulates the oxidative and inflammatory response to nanoparticle exposure. In contrast to 

these findings, a number of other studies have however shown that co-cultures of pulmonary 

cells can have an increased inflammatory response to particle exposure than their monoculture 
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counterparts (Kasper et al., 2011; Tao & Kobzik, 2002; Wottrich et al., 2004).  Thus, it is clear 

that the interaction between cells in co-culture models is complex and that there are a number 

of simultaneous events that result in differential toxicological outcomes.   

Previous studies comparing the response of mono-cultures and co-cultures to nanoparticles 

have largely focused on epithelial-immune cell interactions, very few studies have investigated 

the response of an endothelial-epithelial co-culture system to particle insult. Kasper et al (2011) 

found that a co-culture using human lung adenocarcinoma and human microvascular 

endothelial cell lines was less sensitive in some aspects (viability, membrane integrity, TEER) 

following exposure to silica nanoparticles than the cells in monoculture, however the cells in 

monoculture showed release of IL-6 and IL-8 to the basolateral side at concentrations that were 

10-100 fold less than the concentrations of the apically exposed co-culture.  Other studies have 

shown that nanoparticles exposed to the epithelial side of a epithelial-endothelial co-culture are 

able to induce a response in the underlying endothelial cells, however these studies were not 

directly comparing mono-culture and co-culture results (Bengalli, Mantecca, Camatini, & 

Gualtieri, 2013; Snyder-Talkington et al., 2013). 

Further investigation into co-culture systems representing the alveolar-capillary barrier is 

therefore needed to discern the effects of the cross-talk between these cells and the effect this 

may have on NP mediated toxicity. 
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Overview: 

This chapter describes the implementation of a triple co-culture model, first describing the 

generation of an alveolar type-1 and alveolar type-2 co-culture and the response of this system 

to the study particles.  A third cell type – the human pulmonary microvascular cell, is then 

incorporated into the cell culture system using a permeable membrane support and the release 

of inflammatory mediators and endothelial and epithelial specific mediators in response to f-

MWNT exposure is analysed.  

Hypothesis: 

We hypothesised that primary AT2 cells, HPMVECs and immortalised TT1 cells would form a 

viable co-culture system that could be used as a model to study the interaction of nanoparticles 

at the blood-gas barrier.  Furthermore we hypothesised that cells grown in co-culture would 

express a distinct toxicity profile to mono-cultured cells. 

Our specific aims were to establish: 

 Whether primary AT2 cells and immortalised TT1 cells could be cultured 

simultaneously using a single cell culture system 

 Whether this AT2-TT1 co-culture expresses an inflammatory response when exposed to 

f-MWNTs and whether this response is distinct from that of the monoculture system 

 If HPMVECs could be incorporated into the AT2/TT1 system to generate a triple cell 

culture  model of the blood-gas barrier 

  Whether the triple cell culture model could provide novel information regarding the 

toxicity of f-MWNTs at the blood gas barrier 
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6.2. Methods  

Generation of a TT1 and AT2 cell co-culture model 

AT2 cells were isolated from primary human lung tissue using the method described in section 

2.2.  Initial attempts to allow the AT2 cells to settle before the addition of TT1 cells were 

unsuccessful.  TT1 cells were evident as large clusters of cells and were not evenly distributed 

across the cell culture surface.  It was hypothesised that this could be due the secretion of 

surfactant by AT2 cells preventing TT1 cell adhesion. Thus, the cell suspension present after the 

2 hour differential adherence stage was combined with a TT1 cell suspension at a ratio that 

would result in a 60:40 ratio of AT2 to TT1 cells in the final monolayer; the ratio was 

determined using the following calculus: 

To achieve an approximate 60:40 ratio of AT2:TT1cells it was assumed that AT2 cells would not 

proliferate significantly in culture (Dobbs, 1990) and that TT1 cells had a doubling time of 16 

hours. 

The CI values provided by the iCELLigence system in section 5.2 were used to determine the 

doubling time of TT1 cells in culture.  At t=3h the CI value was 0.30 (2dp) which increased to 

6.72 (2dp) at t=46h.  The CI value had therefore increased by a total of 6.42 (2dp) over 43 hours.  

Using this information, the following logarithmic equation was used to calculate the doubling 

time of TT1 cells. 

2x = 6.42 

xlog2 = log6.42 

x = log6.42/log2 

x =2.68 (2dp) 

43/2.68 = 16.04 (2dp) 
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Using this equation it was therefore assumed that the doubling time of TT1 cells was 

approximately 16 hours.   

If 100,000 AT2 cells are seeded per transwell insert, 67,000 TT1 cells are required at the time of 

exposure to achieve a 60:40 AT2:TT1 ratio.  Assuming a doubling time of 16 hours and the total 

culture time before exposure of 48 hours, cells will undergo 3 cell divisions in the pre-exposure 

period.  To determine the TT1 seeding density the following equation was used. 

x = 67,000/23 

x = 67,000/8 

x = 8375 

A seeding density of 100,000 AT2s and 8400 (2 sf) TT1s was therefore used to generate the 

AT2-TT1 co-culture model. 

The AT2-TT1 cell suspension was transferred to a tissue culture plate or transwell filter 

(polyester, 1.12cm2 growth surface area, 0.4µm pore size) (Appleton Woods, Brimingham, UK), 

that had been previously coated with1% PureCol collagen solution (Leimuiden, Netherlands; 

Type I collagen) and allowed to air dry.  The cells were allowed to adhere overnight at 37°C, 5% 

CO2 in DCCM-1 containing 10% newborn calf serum (NCS), 100 U/ml penicillin, 100 mg/ml 

streptomycin and 2 mM glutamine.  The following day, adherent cells were washed with PBS to 

remove any non-adherent cells and the culture media was replaced with serum-free media.  The 

AT2-TT1 co-culture was exposed to nanoparticles 24 hours after the addition of serum-free 

media using the method described in section 2.3. 

Alkaline phosphatase staining was carried out in TT1 and AT2 mono and co-cultures using the 

method described in section 2.5.  The viability of the co-culture system following f-MWNT 

exposure was determined using the MTS assay detailed in section 2.8 and the levels of the 

inflammatory mediator IL-6 and IL-8 were assayed by ELISA as described in section 2.12. 
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The addition of HPMVECs to form a triple cell co-culture model of the blood gas barrier 

HPMVECs were isolated using the method described in section 2.2.  The most effective method 

for culturing HPMVEC on the underside of a transwell membrane (polyester, 1.12cm2 growth 

surface area, 0.4µm pore size) (Appleton Woods, Brimingham, UK), was to initially apply a 

concentrated cell suspension to the underside of the membrane, exploiting the surface tension 

of the media to ensure the cell suspension remained in place.  34,000 HPMVECs (30,000/cm2) 

were suspended in 200µl EGM-2 MV, which was applied directly to the underside of the 

transwell membrane.  HPMVECs were then allowed to attach for 2 hours at 37°C, 5% CO2 in a 

humidified incubator.  Following this incubation period, the bubble of media still remained on 

top of the inverted transwell insert.  This was carefully removed and the transwell inserts were 

turned up the correct way and transferred to a 12 well plate containing 1.5ml EGM-2 MV in each 

well.  Following 24 hours in culture at 37°C, 5% CO2, the location of HPMVECs added to the 

underside of the transwell membrane was determined using confocal microscopy as described 

in section 2.7. 

Once the HPMVECs had adhered to the underside of the transwell membrane, the AT2-TT1 cell 

suspension described above was applied to the collagen coated, apical side of the membrane, 

and cultured for 24 hours at 37°C, 5% CO2.  Figure 6.2.1 provides a simplistic overview of the 

conditions used to generate the triple cell culture model. 
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Figure 6.2.1 Set-up of the triple cell co-culture system.  The apical surface of the transwell 
membrane is collagen coated and HPMVECs are seeded on the underside of the membrane.  
Following inversion, a mix of AT2 and TT1 cells are seeded on the apical surface of the 
membrane.  Serum and VEGF are removed from the upper and lower chambers of the system 
respectively.  The co-culture system is then used to study nanoparticle bio-reactivity.  

At 24 hours the transwells were transferred to a fresh 12 well plate containing VEGF-free EGM-

2 MV, and the apical side of the transwell was washed with pre-warmed PBS and the media was 

replaced with a serum-free alternative.  The co-culture system was then cultured for a further 

24 hours at which point model characterisation and MWNT exposure experiments were carried 

out.   

To establish whether cells were present on both sides of the transwell filter membrane 

fluorescent confocal microscopy was employed as described in section 2.7.  It was not possible 
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to discern this information using light microscopy as the presence of cells on one side of the 

membrane obscured the cells on the opposite side of the membrane from view.  A non-cell 

specific wheat germ agglutinin (WGA) stain was used to visualise the cells.  WGA is a lectin that 

binds to sialic acid and N-acetylglucosaminyl residues.  The apical and basolateral sides of the 

transwell membrane were stained with WGA conjugated to the fluorescent probes Alexa Fluor 

594 and Alexa Fluor 488 respectively as described in section 2.7.   

The triple co-culture system was exposed to nanoparticles prepared using the method 

described in section 2.3.  Functionalised MWNTs were added to either the apical or basolateral 

chamber of the co-culture system to mimic f-MWNT exposure via the inhalation or the injection 

route.  Following exposure, mediators in the apical and basolateral chambers were measured 

via IL-6, IL-8, VEGF and E-selectin ELISAs as described in section 2.12.     
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6.3. Results 

Co-culture model characterisation 

To ascertain whether primary AT2 cells and immortalised TT1 cells could be co-cultured, 

alkaline phosphatase (AP) staining was carried out.  AT2 cells produce alkaline phosphatase 

which hydrolyses napthol-AS-bisphophate in the presence of fast red violet LB salt to produce a 

red precipitate.  TT1 cells do not however produce alkaline phosphatase and so the AP assay is a 

simple way of discerning AT2 and TT1 cells in co-culture 

 Figure 6.3.1 demonstrates the pink pigment generated by AT2 cells during the alkaline 

phosphatase assay (A) and the total absence of the pink pigment in a TT1 monolayer (C) using 

the same assay.  When AT2 and TT1 cells were cultured using the method described above both 

alkaline phosphatase positive and negative cells were observed (B).   

  

 

 

Figure 6.3.1 Alkaline phosphatase staining of TT1 and 
AT2 cells in mono and co-culture.  Alkaline phosphatase 
(AP) staining of an (A.) AT2 monoculture, (B.) AT2-TT1 co-
culture and (C.) TT1 monoculture.  AT2 cells produce 
alkaline phosphatase which will hydrolyse napthol-AS-
bisphophate in the presence of fast red violet LB salt to 
produce a red precipitate (A).  TT1 cells do not produce 
alkaline phosphatase and therefore produce no red-
precipitate (C). Both AP positive and negative cells are in 
evidence in the AT2-TT1 co-culture (B) indicating a mixed 
cell population.  
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HPMVECs applied directly to the underside of the transwell membrane (Figure 6.3.2-A) 

remained on top of the inverted transwell insert following a 2 hour incubation (B.).  Following 

inversion HPMVECs adhered to the underside of the transwell membrane could be visualised 

using a light microscope (C.) and confocal microscopy confirmed that HPMVECs remained on 

the underside of the transwell filter following 24 hours in culture (D. + E.). 

 

Figure 6.3.2 Culturing HPMVECs on the underside of a transwell filter membrane.  (A.)  
Inverted transwell with 200µl EBM-MV2 media containing 34,000 HPMVECs.  (B.) Inverted 
transwell filters following a 2 hour incubation at 37°C, 5% CO2; the strong bonds between 
molecules in the solution ensure the solution remains on top of the porous filter.  (C.) Light 
micrograph showing HPMVECs that have adhered to the underside of the transwell filter 
following the 2 hour incubation. (D.) Alexa Fluor 594-WGA labelled HPMVECs (E.) Z-stack image 
showing the location of the Alexa Fluor 594-WGA labelled HPMVECs on the lower side of the 
transwell filter following 24 hours in culture.  Scale bars are 10μm. 
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Following the application of HPMVECs to the basolateral side of the membrane and TT1 and 

AT2 cells to the apical side of the membrane, it was observed that cells were present on both 

sides of the membrane by forming a z-stack of a cross-section of images.  The cell population on 

either side of the membrane appear to be distinct with the contact inhibiting HPMVEC on the 

basolateral side and the mixed AT2-TT1 cells population on the apical side (Figure 6.3.3).  Due 

to difficulties in identifying effective cell specific antibody markers that would be effective with 

the three different fluorescent secondary antibodies needed, an image depicting the exact 

position of all of the cells within the triple cell co-culture model was not obtained (Appendix VI).      

 

Figure 6.3.3 Micrograph depicting positioning of cells on both sides of a transwell filter 
membrane.  (A.) Z-stack image showing the location of both the Alexa Fluor 488-WGA labelled 
endothelial cells and the Alexa Fluor 594-WGA labelled epithelial cells on the upper and lower 
sides of the transwell filter respectively.  (B.) Alexa Fluor 488-WGA labelled endothelial cells.  
(C.) Alexa Fluor 594-WGA labelled epithelial cells.  Scale bars are as denoted. 

Viability 

Functionalised MWNTs were not acutely cytotoxic to AT2-TT1 co-cultures cultured on collagen-

coated tissue culture plates.   P(M4-VP)-MWNTs resulted in a small (<8.5%) but significant 

(p<0.05) dose-dependent decrease in cell viability following a 24 hour exposure to 

concentrations greater than 10µg/ml.  Low concentrations (1µg/ml) of AR and AO-MWNTs 

significantly increased the mitochondrial activity of the epithelial co-culture systems (p<0.05) 
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by 14.3% and 3.6% respectively (Figure 6.3.4).  In both TT1 and AT2 monocultures, MWNTs did 

not induce a reduction in cell viability at 24 hours (Figure 3.2.6 & Figure 3.2.7). 
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Figure 6.3.4 Viability of cells in a TT1-AT2 co-culture following exposure to f-MWNTs.  
Cells were exposed to 1-50µg/ml f-MWNTs for 24 hours and cell viability was measured via the 
MTS assay.  Data is expressed as mean ± SEM, n=4.  One-way ANOVA followed by Dunnett’s 
post-test; *p< 0.05, **p< 0.01. 
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Release of inflammatory mediators in the TT1-AT2 co-culture 

Baseline levels of the inflammatory mediators IL-6 and IL-8 were lower in the TT1-AT2 co-

culture systems than the levels expressed by AT2 cells in monoculture and higher than the 

levels expressed by TT1 cells in monoculture, indicative of a mixed AT2 and TT1 cell population 

(Table 6.3.1).  

 TT1 monoculture AT2 monoculture TT1-AT2 co-culture 

Interleukin-6 29±4 259±86 153±60 

Interleukin-8 5±2 1572±268 1184±191 

Table 6.3.1 Summary of baseline inflammatory mediator release in TT1 and AT2 mono 
and co-culture systems.  An intermediary baseline level of the inflammatory mediators IL-6 
and IL-8 was present in the TT1-AT2 co-culture system.  Data is expressed as mean ± SEM, n≥4. 

Exposure of TT1-AT2 co-cultures to P(MAA) and P(PEGMA)-MWNTs did not induce any 

significant change in IL-6 or IL-8 levels. Conversely, IL-6 levels increased in a dose dependent 

manner following exposure to P(M4-VP)-MWNT however this was only significant at 50µg/ml 

(p<0.05) (Figure 6.3.5). In contrast, at 24 hours, no increase in IL-6 or IL-8 was observed in the 

epithelial mono-cultures following exposure to any MWNT (Figure 3.2.17 & Figure 3.2.18).   

Interestingly, exposure to AR-MWNTs significantly decreased levels of IL-6 and IL-8 by 45% and 

35% respectively (p<0.05) at the highest concentration, and AO-MWNT significantly inhibited 

IL-6 release by approximately 58%, at concentrations greater than 25µg/ml (p<0.05) (Figure 

6.3.5).  A reduction in the inflammatory mediators was also observed in the epithelial mono-

cultures; IL-6 release was significantly reduced in TT1 mono-cultures exposed to MWNTs for 24 

hours (Figure 3.2.17 & Figure 3.2.18).   
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Figure 6.3.5 Release of inflammatory mediators from cells in a TT1-AT2 co-culture 
following exposure to f-MWNTs.  Cells were exposed to 1-50µg/ml f-MWNTs for 24 hours and 
IL-6 and IL-8 levels in the cell culture supernatants were measured by ELISA.  Data is expressed 
as mean ± SEM, n=4.  One-way ANOVA followed by Dunnett’s post-test; *p< 0.05, **p< 0.01. 
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Release of inflammatory and cell-specific mediators from the triple co-culture system  

Only AO-MWNTs introduced to the basolateral chamber of the co-culture system induced an 

increase in levels of the inflammatory cytokine IL-6 (from 30 to 65pg/ml in the apical chamber 

and from 5 to 23pg/ml in the basolateral chamber), however this change was not significant 

(Figure 6.3.6).  Similarly, in the monoculture systems 10µg/ml resulted in no significant 

increase in IL-6 release at 24 hours in any of the cell types, however a non-significant increase 

in IL-6 was observed in HPMVECs following exposure to 10µg/ml AO-MWNTs.  This value 

increased from 3pg/ml to 200pg/ml, however there was a large SEM (±149pg/ml) and thus the 

increase was not significant (Figure 3.2.21). 

10µg/ml AO-MWNTs induced a significant (p<0.001) increase in IL-8 levels in the bottom 

chamber of the co-culture system following both apical and basolateral exposure (88% and 

150% respectively) (Figure 6.3.7). In contrast, exposure to 10µg/ml all study particles resulted 

in a significant increase in IL-8 in HPMVEC monocultures (Figure 3.2.21).  An increase in IL-8 

levels was also observed in the upper chamber of the co-culture system following apical and 

basolateral exposure to AO-MWNTs however this was not statistically significant.  No increase 

in IL-8 was observed in the epithelial mono-cultures following exposure to any MWNT at 24 

hours (Figure 3.2.17 & Figure 3.2.18).  No statistically significant change in IL-6 or IL-8 was 

observed in any of the chambers of the co-culture system following exposure to AR, P(M4-VP), 

P(MAA) or P(PEGMA)-MWNTs (Figure 6.3.7). 

No statistically significant change in E-selectin or VEGF was detected in the co-culture system 

following exposure to any of the study particles (Figure 6.3.8 & Figure 6.3.9).  In contrast, all 

MWNTs induced an increase in soluble E-selectin in HPMVEC monocultures at 24 hours 

however this was only significant for P(MAA)-MWNTs, and values were very low with 10µg/ml 

AO-MWNT inducing the greatest level of soluble E-selectin at just 22pg/ml (Figure 4.2.4). 



193 
 

A p ic a lly  t re a te d

( IL -6  c o n c 'n  in  to p  c h a m b e r)

N
T

A
R

P
(M

4
-V

P
)

P
(M

A
A

)

P
(P

E
G

M
A

)
A

O

0

2 0

4 0

6 0

8 0

1 0 0

IL
-6

 (
p

g
/m

l)

B a s o la te ra lly  t re a te d

( IL -6  c o n c 'n  in  to p  c h a m b e r)

N
T

A
R

P
(M

4
-V

P
)

P
(M

A
A

)

P
(P

E
G

M
A

)
A

O

0

2 0

4 0

6 0

8 0

1 0 0

IL
-6

 (
p

g
/m

l)
A p ic a lly  t re a te d

( IL -6  c o n c 'n  in  b o tto m  c h a m b e r)

N
T

A
R

P
(M

4
-V

P
)

P
(M

A
A

)

P
(P

E
G

M
A

)
A

O

0

1 0

2 0

3 0

4 0

IL
-6

 (
p

g
/m

l)

B a s o la te ra lly  t re a te d

( IL -6  c o n c 'n  in  b o tto m  c h a m b e r)

N
T

A
R

P
(M

4
-V

P
)

P
(M

A
A

)

P
(P

E
G

M
A

)
A

O

0

1 0

2 0

3 0

4 0

IL
-6

 (
p

g
/m

l)

A . B .

C . D .

 

Figure 6.3.6  Release of the inflammatory mediators IL-6 from the co-culture model of the 
alveolar-capillary barrier following exposure to f-MWNTs for 24 hours.  Cells were 
exposed either apically (A. & C.) or basolaterally (B. & D.) to 10µg/ml f-MWNTs for 24 hours and 
IL-6 was measured in both the upper and lower chambers.  IL-6 levels in the cell culture 
supernatants were measured by ELISA.  Data is expressed as mean ± SEM, n=3.  One-way 
ANOVA followed by Dunnett’s post-test. 
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Figure 6.3.7 Release of the inflammatory mediators IL-8 from the co-culture model of the 
alveolar-capillary barrier following exposure to f-MWNTs for 24 hours.  Cells were 
exposed either apically (A. & C.) or basolaterally (B. & D.) to 10µg/ml f-MWNTs for 24 hours and 
IL-8 was measured in both the upper and lower chambers.  IL-8 levels in the cell culture 
supernatants were measured by ELISA.  Data is expressed as mean ± SEM, n=3.  One-way 
ANOVA followed by Dunnett’s post-test; ***p< 0.001. 
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Figure 6.3.8 Release of the cell adhesion molecule E-selectin from the co-culture model of 
the alveolar-capillary barrier following exposure to f-MWNTs for 24 hours.  Cells were 
exposed either apically (A. & C.) or basolaterally (B. & D.) to 10µg/ml f-MWNTs for 24 hours and 
E-selectin was measured in both the upper and lower chambers.  E-selectin levels in the cell 
culture supernatants were measured by ELISA.  Data is expressed as mean ± SEM, n=3.  One-
way ANOVA followed by Dunnett’s post-test. 
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Figure 6.3.9.  Release of the growth factor VEGF from the co-culture model of the alveolar-
capillary barrier following exposure to f-MWNTs for 24 hours.  Cells were exposed either 
apically (A. & C.) or basolaterally (B. & D.) to 10µg/ml f-MWNTs for 24 hours and VEGF was 
measured in both the upper and lower chambers.  VEGF levels in the cell culture supernatants 
were measured by ELISA.  Data is expressed as mean ± SEM, n=3.  One-way ANOVA followed by 
Dunnett’s post-test. 
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6.4. Discussion 

Establishment of a triple co-culture system 

In this chapter it has been demonstrated that it is possible to culture primary AT2 cells and 

immortalised TT1 cells simultaneously in a single system.  Both alkaline phosphatase positive 

and negative cells were in evidence in the co-culture system indicating that both epithelial cell 

phenotypes are present in the co-culture system.  Future work involving the co-culture system 

should investigate the relationship between these cells; TEER and immunostaining should be 

employed to discern whether functional inter-cellular junctions have formed between the two 

cell populations. 

HPMVECs were successfully cultured on the underside of the transwell membrane, ensuring 

that the epithelial and endothelial cells were grown in closer association than if the HPMVECs 

had simply been cultured on the lower surface of the tissue culture plate as is seen in the co-

culture system designed by Snyder-Talkington et al (2013).  Immunofluorescent confocal 

microscopy confirmed that cells were present on both sides of the membrane and indicated that 

the cell populations on either side of the membrane were distinct.  Development of the model 

should include cell specific marker to determine the locality of each cell and furthermore cell-

cell junction staining should be employed to determine whether functional intercellular 

junctions have formed between TT1 and AT2 cells. 

Although both AT2 cells and HPMVECs were derived from apparently healthy portions of lung 

tissue following surgical resection, it was not possible to include AT2 cells and HPMVECs from a 

single donor in a single co-culture experiment.  This is due to the limited culture period of AT2 

cells and the time needed to purify HPMVEC cultures.  Alveolar epithelial cells and HPMVECs 

both express major histocompatibility complex (MHC) classes I and II (Cunningham et al, 1997) 

however in the absence of allogeneic T lymphocytes would not stimulate an adaptive immune 
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response.  In certain situations, particularly where co-cultures incorporate immune cells, it 

might be important to include cells from the same donor in co-culture to improve correlation to 

the in vivo situation.  This was recently demonstrated by Reed et al who used donor matched 

immune cells and stem cell-derived endothelial cells in co-culture to detect cytokine storm 

induction by biologics  (Reed et al., 2015). 

The epithelial TT1-AT2 co-culture vs. monoculture toxicity response  

In monoculture there was no significant decrease in cell viability in TT1 or AT2 cells at 24 

hours.  When these cells were grown in co-culture a small, but significant decrease in cell 

viability was observed only after exposure to P(M4-VP)-MWNTs. An increase in LDH release 

was observed in TT1 cell monocultures at 72 hours following exposure to this particle.  This 

particle can therefore be considered to have mildly cytotoxic effects in alveolar epithelial cells 

both in mono and co-culture.  This experiment is unable to discern whether the decrease in cell 

viability observed in the co-culture system is isolated to the TT1 or AT2 cell population.  This 

should be determined using markers specific for viable and non-viable cells such as calcein AM 

and ethidium homodimer-1 respectively. Simultaneous immunofluorescent staining for cell 

specific markers would elucidate whether the non-viable cell population is restricted to a 

specific cell phenotype. 

From the monoculture results, it is likely that the reduction in cell viability may be primarily 

due to a reduction in TT1 cell viability; there was no increase in AT2 cell LDH release or 

reduction in mitochondrial activity following a chronic 72 hour exposure to 50µg/ml f-MWNTs.  

Conversely a small toxic effect was seen in TT1 cells following a prolonged exposure period. 

That a small cytotoxic effect is observed at 24 hours in co-culture may indicate that there is a 

slightly greater cytotoxic potential of P(M4-VP)-MWNTs when TT1 and AT2 cells are not 

exposed in isolation.  This indicates that the toxic potential of this particle may be 

underestimated using a monoculture system alone.  
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P(M4-VP)-MWNTs also induced a pro-inflammatory response in the TT1-AT2 co-culture system 

at 24 hours.  Similarly to the viability response, this was not evident in the AT2 monoculture 

and was not evident in the TT1 monoculture until the extended culture period of 72 hours.   

This provides further evidence that the toxic potential of this particle at the alveolar epithelium 

may be underestimated using a type-1 or type-2 epithelial cell monoculture system. 

A number of studies have observed that nanoparticles readily form a corona of proteins in a 

biological system (Lundqvist et al., 2008; Lynch, Salvati, & Dawson, 2009; Walczyk, Bombelli, 

Monopoli, Lynch, & Dawson, 2010).  Furthermore it has been observed that the toxicity of these 

particles may be affected by the presence of this corona (Gasser et al., 2012; Lesniak et al., 2010, 

2012; Monopoli et al., 2011).  AT2 cells are secretory cells which produce a number of 

molecules including surfactant proteins A-D, phospholipids and anti-proteases (Fehrenbach, 

2001).  Recent evidence has shown that the presence of these proteins can greatly affect the 

bioreactivity of nanoparticles in in vitro systems (Gasser et al., 2012) and therefore it has been 

proposed that current research efforts should focus on discerning how the presence of these 

proteins affects the toxicity of particles in the lung (Schleh, Kreyling, & Lehr, 2013).  It is 

plausible that the difference in the observed toxicity of the positively charged P(M4-VP)-MWNT 

particle in mono-culture and co-culture could be due to a change in the protein corona of the 

particle.  TT1 cells in monoculture are in a surfactant-free environment and therefore would not 

be exposed to particles loaded with proteins such as surfactant or anti-proteases.  Particles in 

the TT1-AT2 co-culture would however be exposed to these molecules which could potentially 

alter their bio-reactivity.  Furthermore, if the functional groups on the surface of the particle 

inferred a different affinity for these biological molecules nanoparticle functionalisation could 

influence the character of the protein corona.  This is not only an attribute which could be 

exploited, but also one which should be taken into account when considering the toxic potential 

of the particle.  
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Preliminary work demonstrated that indeed, functional groups on the surface of MWNTs greatly 

influenced the affinity between the particle and the molecule secretory leukocyte proteinase 

inhibitor (SLPI) (Appendix VII).  The presence of AO-MWNTs greatly reduced the levels of SLPI 

detectable by ELISA.  This occurred in a dose-dependent manner in a system containing both 

recombinant SLPI and a system containing endogenous SLPI.  AO-MWNTs were shown not to 

interfere non-specifically with the ELISA.  Similar findings were also reported by (Clift et al., 

2014) who observed a significant adsorption (p<0.05) of the TNF-α protein to SWCNTs and 

MWCNTs at 0.04mg/ml.  

Anti-proteases such as SLPI control the potential injurious effects of excess release of proteases 

secreted by inflammatory cells.  In the lung, SLPI is produced by tracheal, bronchial, bronchiolar 

and type II alveolar cells, and is thought to play a role in anti-bacterial and anti-inflammatory 

processes (Sallenave, 2000). If SLPI bound to f-MWNTs was no longer available to cells this 

could have implications for the alveolar immune response.  This is just one example of how the 

protein corona of a particle could influence particle toxicity. 

The response of the epithelial-endothelial triple co-culture system to functionalised nanoparticles 

Interestingly, in the triple cell co-culture system, only AO-MWNTs induced a significant 

inflammatory response, seen as an increase in IL-8 in the bottom chamber of the system 

following both apical and basolateral treatment.  AO-MWNTs also induced the greatest increase 

in IL-8 in HPMVEC monocultures (10µg/ml AO-MWNTs increased IL-8 protein levels by 593%, 

Figure 3.2.21-D, Table 3.2.3), however this was attenuated in the co-culture system.  The pro-

inflammatory response observed in the HPMVEC monoculture following exposure to other 

MWNTs was completely absent in the triple co-culture system.   

That P(M4-VP)-MWNTs did not induce a significant inflammatory response in the triple cell co-

culture model was especially unexpected as this particle induced an inflammatory response in 

both the TT1-AT2 co-culture alone, and the HPMVECs cells in monoculture.  This attenuation of 
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the toxic response has been observed in other co-culture systems, and is suggestive of 

intercellular communication between the component cells that modulates the response (Clift et 

al., 2014; Gasser et al., 2012; Müller et al., 2010).   

AO-MWNTs administered to the apical chamber induced a significant increase in IL-8 in the 

lower chamber and a small but non-significant increase in IL-8 in the upper chamber of the 

system.  Either AO-MWNTs are able to reach the endothelial cells through the epithelial cell 

layer and the permeable membrane, there is signalling occurring between the epithelial and 

endothelial cells that is triggering an inflammatory response, or alternatively, IL-8 is being 

actively transcytosed from the apical to the basolateral surface.  This is especially interesting 

considering not only the increased thickness of the barrier seperating the epi- and endothelial 

cells in the in vitro model than is observed in vivo, but also that this effect is still apparent even 

in the presence of collagen which is likely to reduce the permeability of the permeable 

membrane support.   It is reasonable to hypothesise that in vivo where epi- and endothelial cells 

and separated by a distance of just 100-200nm (Vaccaro & Brody, 1981), this effect may be even 

more pronounced.   

AO-MWNT did not induce a pro-inflammatory response in the co-culture system containing TT1 

and AT2 cells alone, and so the pro-inflammatory response can be attributed to the presence of 

the endothelial cells.  This is an important finding as endothelial cells are frequently neglected 

when considering particle toxicity in the peripheral lung.  Endothelial cells are closely 

associated with alveolar epithelial cells and the discovery that a particle that is relatively inert 

at the alveolar epithelium can induce a pro-inflammatory response both apically (representing 

the alveolar surface) and basolaterally (representing the vessel lumen) when applied to an 

epithelial-endothelial co-culture has significant implications.  These findings indicate that 

endothelial reactivity could be at least partially responsible for the adverse cardiovascular 

effects observed following pulmonary CNT exposure, and furthermore that the endothelial 

response may exacerbate pulmonary toxicity.  This has implication for both the inhalation and 
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intravenous exposure risk of CNTs and highlights the need to incorporate endothelial cells into 

toxicity models when considering the potential use or hazard of nanoparticles.  

The increase in E-selectin observed in HPMVEC mono-cultures was absent in the co-culture 

model, even when the particles were applied to the lower chamber of the culture system 

containing the HPMVECs.  This could be due to cellular cross-talk, where the epithelial cells are 

modulating the response or alternatively this could be due to the variation of the culture 

system.  The HPMVEC monoculture exposures were carried out using cells cultured on tissue 

culture plates, as is common for toxicity experiments.  In this experimental system however any 

particles that do not remain in suspension will deposit directly onto the cell monolayer.  In the 

co-culture system, HPMVECs will not be exposed to any particle that drops out of suspension.  

Despite this, AO-MWNTs, an extremely water stable particle, did not induce any significant 

increase in E-selectin indicating this may be a contributing but not the causal factor.  Particle 

deposition could be reduced using microfluidics to mimic blood flow or gentle agitation, 

however some degree of particle deposition is expected to occur in the in vivo situation. 

Snyder-Talkington et al (2013) observed an increase in VEGF released by small airway 

epithelial cells, grown in co-culture with HPMVECs.  No change in VEGF was evident in the 

current co-culture system which may be due to the differential responses of alveolar epithelial 

cells and small airway epithelial cells.  Indeed, airway epithelial cells have been shown to 

increase VEGF production in response to TNFα, EGF and TGFβ at a greater rate than alveolar 

epithelial cells (Boussat et al., 2000).  VEGF synthesized by the lung epithelial cells is however 

known to contribute to the endothelial repair and angiogenesis processes and following lung 

injury VEGF mRNA becomes very abundant in alveolar type II cells (Boussat et al., 2000; 

Maniscalco, Watkins, D’Angio, & Ryan, 1997).  A lack of an increase in VEGF release may 

therefore be indicative of an absence of AT2 cell toxicity, however chronic exposures should be 

carried out to further investigate the role of this important molecule and the impact it may have 

on neighbouring endothelial cells. 
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6.5. Summary 

A novel epithelial co-culture consisting of TT1 and AT2 cells was successfully generated which 

indicated that the interaction of these cells may exacerbate the cytotoxic and inflammatory 

response to MWNTs.  P(M4-VP)-MWNT induced a pro-inflammatory response in this co-culture 

that was absent in epithelial mono-cultures at 24 hours.   

HPMVECs were incorporated into this model to generate a novel 3D triple co-culture model of 

the blood-gas barrier.  In this system, only AO-MWNT induced a significant release in IL-8 

release, whereas all particles initiate a pro-inflammatory response in HPMVEC mono-cultures.  

It is possible that endothelial-epithelial cross-talk modulates the response to these particles.  

AO-MWNTs administered to the epithelial side of the co-culture system initiated both apical and 

basolateral release of IL-8, whereas AO-MWNT exposed to epithelial monocultures induced no 

pro-inflammatory response.  The pro-inflammatory response was therefore attributed to the 

presence of the endothelial cells, through either direct MWNT-endothelial interaction following 

translocation or signalling between the epithelial and endothelial cells triggering an 

inflammatory response.  This has highlighted the need to incorporate endothelial cells into 

toxicity models when considering the potential use or hazard of nanoparticles.   
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7.  SUMMARY DISCUSSION 

Humans have developed regulatory mechanisms to cope with inhaled ambient particulate 

matter, however the number of airborne particles is increasing.  This is because both naturally 

occurring nanoparticles (NPs) and plume sources such as industry and vehicular exhausts act as 

condensation nuclei and adsorb gas and particle components (Kulmala & Kerminen, 2008).  

Furthermore, humans have only very recently been exposed to engineered NPs with highly 

controlled physicochemical properties.  It is feasible to assume that humans may therefore, not 

be as adept at defending against the harmful effects of these particles.  Indeed, urban UFP 

inhalation has been associated with cardiopulmonary effects in humans and the engineered 

NPs, carbon nanotubes (CNTs) have resulted in adverse cardiopulmonary effects during in vivo 

rodent studies.  The mechanisms of toxicity underlying the cardiovascular effects of NP 

inhalation are poorly understood.  Furthermore NPs, including CNTs, are being developed for 

biomedical applications including biosensors, biological scaffolds and drug delivery molecules 

(Sinha & Yeow, 2005), providing a potential direct route of entry into the body.  Unmodified 

CNTs are however, insoluble in water, and in most organic solvents; thereby functionalisation of 

their surface is necessary to increase bio-compatibility (Battigelli et al., 2013) 

The aim of these studies was to elucidate the potential reactivity of CNTs at the blood-gas 

barrier, in order to determine whether CNT interaction with this barrier could potentially 

induce cardiopulmonary effects.  Furthermore, the studies aimed to elucidate whether CNT 

surface functionalisation affects CNT-induced alveolar-capillary reactivity with a view to 

determining which particles may be most appropriate for biomedical applications.  This work 

was unique in its use of immortalised human alveolar type 1-like epithelial cells (TT1), primary 

human alveolar type 2 epithelial cells (AT2) and primary human pulmonary microvascular cells 

(HPMVEC).  The use of TT1 cells enabled a novel insight into the interaction of functionalised 

CNTs with the cell that covers ~93% of the alveolar surface.  As AT2 cells act as an alveolar 

epithelial cell stem cell capable of both self-maintenance and terminal differentiation, produce 
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surfactant and play a role in host defence, CNT-induced AT2 reactivity would likely impact on 

pulmonary health.  Finally HPMVECs are in close association with the honeycomb structure of 

the alveolus and CNT interaction with this cell type could impact on both cardiovascular and 

pulmonary health.  The use of these cell types allowed strong conclusion to be made on the 

potential adverse consequences of CNT interaction with the alveolar-capillary barrier. 

Our overarching hypothesis anticipated that CNT functionalisation would determine their bio-

reactivity at the alveolar-capillary barrier.  We chose to test this hypothesis by studying the 

effect of CNTs with improved water-solubility made possible by a conventional acid-oxidation 

method; this created highly soluble CNTs carrying negatively charged carboxyl groups and a 

large degree of structural defects.  We compared this particle to a non-modified CNT control and 

CNTs with functional groups generated by a novel grafting-from thermochemical reaction; this 

improved water-stability through covalent functionalisation of the CNT surface without 

damaging the structural integrity of the CNT.  Firstly, to understand the basic differential 

response of the different cell types to functionalised CNTs, we characterised their cytotoxic and 

inflammatory responses. Furthermore we investigated whether CNT functionalisation affected 

their uptake by the study cell types. 

Consequently, using exposures up to 72 hours in duration, it was determined that CNTs were 

not acutely toxic to alveolar epithelial cells, however following chronic exposure, CNTs were 

more reactive with TT1 cells than AT2 cells.  This suggests that, alveolar epithelial cells, 

evolving in parallel with airborne particles, have some tolerance to nanoparticle exposure.  

CNTs induced no cytotoxicity or ROS formation in AT2 cells at 72 hours, however membrane 

damage and release of the inflammatory mediators IL-6 and IL-8 was observed in TT1 cells at 

72 hours.  This is an important finding considering the prolonged retention of NP in the 

peripheral lung due to the slow rate of NP clearance.  This provides evidence that when 

assessing the potential toxic effect of CNTs it is important to consider not only acute toxicity but 

also the effect of prolonged epithelial exposure.  It was those CNTs which had been 
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functionalised with the P(M4-VP) molecule that induced the greatest of these chronic TT1 

responses.  Transmission electron analysis revealed that internalisation of all particles was 

observed in TT1 cells, however the positively charged P(M4-VP)-MWNTs exhibited more 

frequent contact with the plasma membrane, whilst the negatively charged P(MAA)-MWNTs 

were frequently aligned parallel to the plasma membrane.  These effects were presumed to be 

due to electrostatic attraction and repulsion of CNTs with the plasma membrane and may be at 

least partially responsible for the different toxicities of the particles.  The finding that CNTs 

were more reactive with TT1 than AT2 cells is important as AT2 cells are able to proliferate and 

differentiate into AT1 cells.  It is possible that damage as a result of AT1 toxicity could therefore 

be more transient than that as a result of AT2 toxicity due the fact that AT2 cells are required to 

proliferate in response to injury.  AT1 cells do however cover the majority of the alveolar 

surface and provide a crucial barrier between the airspace and the alveolus and the underlying 

endothelium. 

CNTs induced a far greater inflammatory response in endothelial cells than epithelial cells, 

suggesting that CNTs at this interface would be markedly more reactive.  CNT exposure also 

induced early HPMVEC cytotoxicity, however increased cell proliferation ensured this loss in 

cell viability resolved by 24 hours.  The HPMVEC uptake of P(M4-VP) and AO-MWNTs was 

greatest, and these particles also induced the greatest release of the pro-inflammatory 

mediators IL-6 and IL-8.  ROS formation was observed following MWNT exposure in endothelial 

but not epithelial cells, however crucially, ROS formation did not directly correlate with 

inflammatory potential.  AO-MWNT induced the greatest pro-inflammatory response, however 

induced no net increase in ROS.  CNTs which had not been acid oxidised induced ROS formation 

but antioxidant treatment of cells did not entirely abrogate the inflammatory response, 

suggesting the inflammatory response is at least partially ROS-independent.  Taken together, 

these finding indicated that CNTs interacting with the endothelium following inhalation or 

injection would initiate significant events including cell death, inflammation and ROS formation; 

characteristics all associated with cardiovascular and pulmonary disease pathology. 



207 
 

Following the substantial pro-inflammatory response observed following MWNT exposure, we 

went on to address our hypothesis that CNT functionalisation would be a critical determinant of 

other markers of endothelial activation associated with increased atheroma formation.  We 

proposed that the surface functional groups would elicit variable expression of cell adhesion 

molecules and thrombotic mediators. 

In agreement with our hypothesis, we showed that MWNT exposure increased CAM expression 

at the pre- and post-translational level.  Furthermore, this translated into increased monocyte 

adhesion in co-culture, indicating that endothelial MWNT exposure in vivo would elicit 

increased recruitment of leukocyte to the endothelial wall.  All particles increased CAM 

expression, however P(M4-VP) and AO-MWNTs induced the greatest increase and it was only 

these particles that induced a significant increase in monocyte adhesion in the co-culture model.  

P(M4-VP) and AO-MWNTs also induced the greatest increase in pro-thrombotic mediator 

release, and AO-MWNTs significantly down-regulated tissue plasminogen activator, a molecule 

involved in fibrin clot breakdown.  We have therefore shown that all CNTs tested have the 

potential to be thrombogenic upon interaction with the endothelium, however the severity of 

this reaction is dependent on particle functionalisation, with P(M4-VP) and AO-MWNTs 

initiating the greatest response.  In our studies, P(PEGMA) and P(MAA) functionalisation 

marginally abrogated the pro-thrombotic response observed following exposure to the as 

received CNTs.  It may therefore be possible to moderate adverse cardiovascular exposure 

toxicity through selective functionalisation of CNTs, a promising result considering the sizeable 

investment into the development of MWNTs for use in medicine. 

Expanding our investigations into CNT cellular reactivity, we further proposed that exposure to 

CNTs would disrupt intercellular junctions, resulting in increased barrier permeability.  This is 

an important consideration when investigating the functionality of the alveolar-capillary barrier 

as there must be a highly specialised barrier separating air in the lung from fluid filled tissues 

for efficient gas exchange to occur.  This work has demonstrated that CNTs can disrupt both TT1 
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epithelial and microvascular endothelial cell-cell junctions which results in increased barrier 

permeability.  Increased alveolar-capillary barrier permeability can lead to increased fluid in the 

lungs affecting functionality.  Furthermore, chronic low-level edema could result in lung injury 

and fibrosis.  The MWNT induced reduction in cell-cell junctions observed in this study provides 

a potential mechanism underlying the oedema progression in mice following intratracheal 

instillation (Chen et al., 2015).  Furthermore, increased paracellular transport at the alveolar-

capillary barrier in vivo could facilitate particle transport from the alveolar sac to systemic 

organs.  CNT translocation to systemic organs following pulmonary exposure has been observed 

in a number of studies (Chen et al., 2015; Mercer et al., 2013; Reddy et al., 2010), however the 

mechanism of transport has not yet been elucidated.  Our findings that MWNTs disrupt cell-cell 

junctions at the alveolar-capillary barrier, in conjunction with in vivo findings that prolonged 

CNT are persistent in the alveolar space up to 30 days post-exposure (Chen et al., 2015) indicate 

that CNTs reach the alveolus where they are persistent and disrupt the alveolar-capillary 

barrier allowing CNTs direct access to the vasculature.  Movement of particles via macrophage 

phagocytosis and subsequent movement up the mucocilary escalator is thought to be limited.  

This is due to the difficulty macrophages encounter both in recognising nano-sized particles and 

engulfing particles with a high-aspect ratio and also the ability of CNTs to pierce the 

macrophage membrane and induce toxicity (Cheng et al., 2009; Hirano, Kanno, & Furuyama, 

2008).  It is therefore crucial to discover the fraction of CNTs that cross the thin barrier 

separating the epi- and endothelium and whether this fraction is significant enough to elicit 

direct effects on the pulmonary microvasculature. 

MWNT surface functionalisation altered the severity of cell-cell junction breakdown, however 

those particles that had the least effect on barrier permeability were not consistently less 

reactive.  Acid oxidised (AO)-MWNTs induced negligible change in epithelial and endothelial 

barrier permeability however these particles induced the greatest pro-inflammatory and pro-

thrombotic response.  P(PEGMA) and P(MAA)-MWNTs induced the smallest pro-inflammatory 

response however, unlike AO-MWNTs still increased barrier permeability.  This highlights the 



209 
 

need for multiple end-points to be assessed when investigating the hazard potential of novel 

materials; it is clear that cytotoxicity or inflammatory markers alone are insufficient as markers 

of CNT toxicity.   

We hypothesised that increased HPMVEC barrier permeability would be characterised by 

alteration in the expression and function of the VE-cadherin adherens junction complex and 

actin filament rearrangement.  Indeed, following exposure to all MWNTs except AO-MWNTs 

actin rearrangement to a non-cortical arrangement was observed indicative of cell contractility, 

and elongated VE-cadherin bridges and gaps between cells became evident.  Furthermore, loss 

of the VE-cadherin protein was evident early after exposure to AR-MWNTs indicating a more 

than transient response.  This was supported by the ECIS data which showed a persistent 

increase in barrier permeability up to 72 hours.  It was those particles that resulted in the 

greatest increase in HPMVEC permeability (AR and P(M4-VP)-MWNTs) that also induced the 

greatest VE-cadherin junction interruption, indicating that this molecule is likely highly 

involved in the permeability response.   

We designed a novel epithelial co-culture consisting of TT1 and AT2 cells to assess the 

importance of inter-epithelial interaction in MWNT mediated toxicity.  The AT2-TT1 co-culture 

provides a more realistic model of the alveolar epithelium, especially as surfactant proteins and 

other AT2 cell products are absent in the TT1 monoculture system.  P(M4-VP)-MWNT induced a 

pro-inflammatory response in this epithelial co-culture system, a response which was absent in 

the TT1 and AT2 monocultures.  This may be in part due to the affinity of this particle to bind to 

proteins produced by AT2 cells, which may alter the particles bioreactivity.  It is therefore 

important to consider the effects of the protein corona in CNT mediated toxicity, especially 

when assessing those particles which have a high affinity to endogenous proteins.   

Finally, we built upon this epithelial model utilising a permeable membrane to co-culture TT1 

and AT2 epithelial cells with microvascular cells to generate a novel 3D triple co-culture model 

of the blood-gas barrier.  This is a novel system that has not been previously described and it 
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provides distinct advantages over other in vitro models of this barrier.  Notably the 

incorporation of the TT1 epithelial cell provides a type-1 epithelial cell model without lengthy 

culture of primary AT2 cells until they partially differentiate into a type 1-like phenotype.  We 

hypothesised that cellular crosstalk within this model would affect the toxicity of functionalised 

MWNTs at the blood gas barrier, and assessed this theory by monitoring the release of 

inflammatory and cell-specific mediator following MWNT exposure to the basolateral side of the 

co-culture (simulating intravenous exposure) and MWNT exposure to the apical side of the co-

culture (simulating pulmonary exposure). 

Acid oxidised CNTs administered to both the epithelial and endothelial side of the triple cell co-

culture model induced a significant release of the inflammatory mediator IL-8 in the lower 

chamber, representative of inflammatory mediator release into the circulation.  If this model 

accurately represents the in vivo situation, this particle could have the potential to induce 

adverse cardiovascular effects following inhalation or injection as inflammation can act as a 

prothrombotic trigger.  Interestingly, the pro-inflammatory response observed in endothelial 

mono-cultures following exposure to non acid oxidised MWNTs was absent in the co-culture 

system, indicating that epithelial-endothelial cross-talk may be mediating this response.  

Treatment with CNTs at a concentration of 10µg/ml which had not been acid oxidised resulted 

in no increase in epithelial inflammatory mediator release in either mono- or co-cultures at 24 

hours.  These results clearly showed that there were discrepancies between the mono- and co-

culture responses to f-MWNTs.  Although our monoculture studies have provided useful 

information regarding the reactivity of the cell type in isolation, our co-culture studies provided 

an insight into how distinct cell types may communicate to alter this response. 

Whilst it is has been demonstrated that the characteristics of the particular functional group 

present on the CNT surface can have a dramatic effect on the particle's toxicity, it is unclear 

which property is responsible for the altered toxicity profile.  It was hypothesised that the 

varying charge of the particle may be responsible, especially considering that particles with 
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differing charges interacted with the plasma membrane in a differential manner.  Furthermore, 

of the thermochemically grafted particles, the positively charged P(M4-VP)-MWNT elicited a 

greater response than the non-ionic (P(PEGMA)-MWNTs) and negatively charged (P(MAA)-

MWNTs) counterparts in endothelial cells, indicating that the presence of positively charged 

functional groups may increase CNT toxicity at this interface.  In contrast to the negative 

P(MAA)-MWNTs, AO-MWNTs, which contain an abundance of -COOH functional groups, induced 

a far greater degree of inflammation and were differentially uptaken in endothelial cells, 

indicating that other factors including the structural integrity of the CNT surface and the 

stability of the particle in solution are likely to also play a role in particle toxicity.  Further 

analysis of the properties which define particle toxicity will enable the development of safer 

nanotechnologies including nanomedicines. 

There is clear evidence that CNTs in medicine have the potential to deliver substantial benefits 

to the patient.  There is already evidence that drug molecules conjugated to CNTs have fewer 

off-target effects than their non-conjugated counterparts which has been attributed to the 

increased circulation time, increased cellular uptake and selective targeting of the drug when 

bound to the CNT molecule (Wong et al., 2013).  Due to the capacity for CNTs to be retained over 

long-periods of time and to elicit potential off-target effects in the cardiovascular system the 

benefit of CNT therapy should however be considered.  It may be that CNTs as drug delivery 

molecules would only be viable when the side effects of the conjugated drug alone are severe.  

For example, the side effects of chemotherapeutic drugs are famously severe, and many patients 

in the latter stages of their disease are unable to tolerate chemotherapy due to the substantial 

off-target effects of the drug.  If however, CNTs could be used to target the therapy to the 

tumour, reducing the severe systemic effects of the drug this could be of huge patient benefit 

(Zhuang Liu, Chen, et al., 2008).  It is clear from this research however that the CNT vector 

should be chosen carefully to reduce unnecessary off-target cardiopulmonary effects of the 

molecule. 
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8.  FUTURE WORK  

This study has provided critical information about the nature and degree of functionalised CNT 

interaction with the alveolar-capillary barrier; however, in addressing our study hypothesis, a 

number of further questions were raised.  We believe addressing these questions should take 

precedence in future studies relating to the present work. 

Although the current study investigated barrier permeability in monoculture systems following 

MWNT exposure, it did not investigate cell-cell interactions in the co-culture model.  Future 

studies using the model should focus on whether functional intercellular junctions are able to 

form between TT1 and AT2 cell junctions.  Furthermore, whether MWNTs disrupt these 

junctions in the co-culture model should be investigated.  This could be performed by using 

immunostaining to visualise epithelial and endothelial tight and adherens junction proteins.  In 

addition, there are also a range of permeable supports that can be used with ECIS technology 

and so the permeability of the triple cell culture could be assessed using electrical resistance.  

This is an important aspect to study as cellular crosstalk may exacerbate or abrogate the barrier 

disrupting properties of the particles observed in mono-culture.  

Furthermore, increased barrier permeability provides the potential for increased NP 

translocation across this barrier.  Whether barrier integrity affects NP translocation should be 

investigated using transmission electron microscopy of the triple co-culture model to determine 

whether particle translocation across this barrier has occurred and whether this is a suitable 

model in which to study particle translocation.  The permeable membrane is much thicker at 

~10µm than the basement membrane separating epithelial and endothelial cells in vivo, 

however this is currently the best in vitro representation of the alveolar-capillary barrier.  It is 

crucial to discover the fraction of CNTs that cross the thin barrier separating the epi- and 

endothelium and whether this fraction is significant enough to elicit direct effects on the 

pulmonary microvasculature. 
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Although we have observed that functionalised MWNT react with the cells of the blood gas 

barrier and that the nature of this reaction is largely dependent on surface functionalisation, 

many of the mechanisms underlying this toxicity are yet to be discovered.  Particle uptake was 

observed in both epithelial and endothelial cells and functionalisation affected particle uptake, 

however it is not known whether the cellular responses are a result of active endocytosis of 

particles or particle interaction with the cell surface.  This could be investigated by using 

endocytosis inhibitors such as RNA interference technology targeting caveolin or clathrin 

formation.  Furthermore the signalling mechanisms underlying particle toxicity should be 

investigated as the activation of defined signalling pathways may be associated with specific 

disease pathologies.  For example, reactive oxygen species (ROS) are known to mediate Rac-

induced loss of adhesion junctions in endothelial cells (van Wetering et al., 2002).  Whether the 

ROS formation observed in HPMVEC monocultures following MWNT exposure is responsible for 

the loss of VE-cadherin could therefore be studied using anti-oxidants and Rac pathway 

inhibitors.  This would indicate whether particles which generate ROS are likely to increase 

endothelial barrier permeability, a characteristic which is associated with a number of disease 

pathologies including edema and acute respiratory distress syndrome. 

In the present work, results of the mono-culture and co-culture experiments were not always in 

agreement.  This indicates that a significant degree of cellular crosstalk occurs between 

epithelial and endothelial cells at the blood-gas barrier.  In addition, the recognised ability for 

endogenous proteins to interact with the CNT surface could have a significant influence on the 

toxicity of the study particle.  In vivo studies are therefore needed to correlate the in vitro 

findings with animal exposure models.  In vitro findings should however influence the range of 

CNTs that are considered for medicinal use.  The use of the commonly used acid-oxidised CNTs 

in medicine should be seriously reconsidered due to the ability of these particles to initiate a 

prevailing pro-inflammatory and pro-thromobotic response in vascular cells in vitro.  These 

particles did not however induce cytotoxicity in this system or an increase in the vascular 

barrier integrity.  Conversely, CNTs modified with P(PEGMA) or P(MAA) adducts may be viable 
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for medicinal use however it should be investigated how severe the barrier disrupting 

properties of these particles are in vivo and whether these effects could be tolerated.  Crucially, 

for CNTs being developed as drug vectors, it is important to understand whether those particles 

which exhibited the least toxic potential still retain this status following secondary conjugation 

to a drug compound.   
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10.  APPENDIX 

 

Appendix I.  Published works and copyright permissions.  The following journal article 
detailing aspects of the work described in this thesis has been obtained with the relevant 
permissions from Elsevier, Licence Agreement number 3676170600813. 
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The determination of grafting ratios of MWNTs samples [1], using P(MMA)-MWNT as an 

example: 

 

Figure 6.5.1S: TGA weight loss profiles of P(MMA)-MWNT and TTC-MWNT, illustrating the 
determination of the grafting ratio by the weight loss differences of two samples at 800 °C. 

 

The grafting ratio, i.e.  

Δ (wt %) = 
                          

                             
 (%) 

was determined from the TGA data as depicted in Figure 6.5.1S.  
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The determination of grafting ratio of P(M4-VP)-MWNT: 

 

Figure 6.5.2S: TGA weight loss profiles of AR-MWNT, TTC-MWNT, P(M4-VP)-MWNT, and 
the control of methylated TTC MWNTs (IMe-TTC-MWNT), illustrating the determination of 
the grafting ratio, Δ in two stages. The Tcomb was determined using the same method 
shown in Figure 1S. 
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Raman spectra of MWNT samples: 

 

Figure 3S: Raman spectra of thermal grafted MWNTs, with D/G indicated as compared to 
AR-MWNT and AO-MWNT.   

 

The two main peaks at around 1580 cm
-1

, the graphite band (G-band), and 1350 cm
-1

, the 

defect band (D-band), are the main features of Raman spectra of MWNTs. The G-band is 

associated with the in-plane vibrations within (intact) graphene layers of the CNTs walls, while 

the defect band (D-band) is attributed to disorder in the graphene structure, carbon vacancies, 

functional groups, graphene layer edges or amorphous carbon content [1].  Therefore, the relative 

integration peak area ratio of the D- and the G-band (D/G) gives an indication of the 

defect/purity density of a CNT material. The D/G ratios of various grafted MWNTs were 

identical, within error, to the as-received starting material value of 1.09 ± 0.03. In contrast, even 
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after base washing to remove debris, D/G ratio of acid oxidized MWNTs was increased by 46 % 

(3S.), indicating CNTs framework damage induced by acid treatment.  

 

Figure 4S: Endotoxin level of AR-MWNTs and f-MWNTs samples. The United States 
Pharmacopeia (USP) standard, the Water for Injection, Sterile Water for Injection and 
Sterile Water for Irrigation have an allowable endotoxin limit of 0.25 Endotoxin Units 
(EU)/ml, EU=Unit of measurement for endotoxin activity) [2]. The low level of endotoxin 
reflects the thermochemical functionalisation treatment and post-functionalisation 
reactions did not introduce significant level of endotoxin.  

 

Figure 5S. TEM images (a-c) showing the cellular distribution and interaction of AR-MWNTs (a-c). 

ES= extracellular space; C=cytoplasm; N=nucleus. 

The majority of AR-MWNTs were localized as large clusters inside cellular vesicles (Figure 5Sa and 

b). The clustered AR-MWNTs were probably internalised via endocytic pathways. Figure 5S b 

shows an evidence of macropinocytosis as featured by the presence of large size plasma membrane 
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protrusions (> 1 µm) around the large clusters of AR-MWNTs. Uptake of relatively smaller size AR-

MWNTs clusters was also observed through other endocytic pathways, as suggested by the 

formation of smaller size of endocytic vesicles, as compared to macropinocytosis (Figure 5Sc) [3]. A 

small population of individual AR-CNTs were also found inside the cytoplasm and translocating 

from plasma membrane or vesicles into the cytoplasm (Figure 5Sa-c, as indicated by arrows).  

 

Figure 6S. TEM image showing negatively charged P(MAA)-MWNTs were frequently found aligned 

parallel to, and did not insert into, the plasma membrane, as marked by arrows. 
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Appendix II.  Melt curve analysis.  The single peak present following melt curve analysis indicates the overwhelming presence of a DNA molecule 
of a singles size.  This in turn indicates that a single gene product has been generated during the polymerase chain reaction (PCR) however melt 
curve analysis is unable to distinguish between two distinct PCR products of a similar molecular weight.  Melt curve analysis is commonly used 
alternative to gel electrophoresis to determine PCR efficiency. 
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Appendix III.  TT1 RAGE, LGAL3 and SAA-1 gene regulation in response to a 5 or 50µg/ml 
AR or AO MWNT exposure for 1, 4 or 24 hours.  Values were normalised to a GAPDH loading 
control and compared to an untreated control using the ΔΔCt method.  Data is expressed as 
mean ±SEM, n=4.  For statistical analysis a one sample t-test was performed with values 
compared to a non-treated control value of 0, *p<0.05 
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Appendix IV.  AT2 RAGE, LGAL3 and SAA-1 gene regulation in response to a 5 or 50µg/ml 
AR or AO MWNT exposure for 1, 4 or 24 hours.  Values were normalised to a GAPDH loading 
control and compared to an untreated control using the ΔΔCt method.  Data is expressed as 
mean ±SEM, n=1-4.  For statistical analysis a one sample t-test was performed with values 
compared to a non-treated control value of 0, *p<0.05 
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Appendix V. HPMVEC inflammatory, CAM and thombotic gene regulation followng 
exposure to TNFα.  HPMVEC were exposed to 10ng/ml TNFα for 1, 4 or 24 hours.  mRNA levels 
of the inflammatory genes IL-6, IL-8 and MCP-1 (A.), the thrombotic mediator tissue factor (TF) 
and the cell adhesion molecules (CAMs) E-selectin, ICAM-1 and VCAM-1 (B.) were assayed via 
RT-PCR.  There was variability in the magnitude of gene up-regulation, suggestive of a degree of 
inter-donor variability in response to an inflammatory stimuli.  Values were normalised to a 
GAPDH loading control and compared to an untreated control using the ΔΔCt method.  Data is 
expressed as mean ±SEM, n=4.   
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Appendix VI.  Immunostaining optimisation for staining of co-culture system.   TT1 
markers podoplanin and RAGE , and the AT2 marker CD44v6 exhibited a large degree of non-
specific staining. 
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Appendix VII.  SLPI adsorption to f-MWNTs and SLPI gene regulation in AT2 cells.  
Adsorptive patterns observed in a medium containing either (A.) recombinant human secretory 
leukocyte protease inhibitors (rhSLPI) or (B.) endogenous secretory leukocyte protease 
inhibitors (SLPI) and f-MWNTS.  (C.) No change in SLPI mRNA was observed following exposure 
to 5 or 50µg/ml of AR or AO-MWNTs at 1, 4 or 24 hours post exposure. Data is expressed as 
mean ±SEM, n=2.  For statistical analysis a one-way sample t-test was performed with values 
compared to a non-treated control value of 0. 
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Appendix VIII.  Elafin adsorption to f-MWNTs and Elafin gene regulation in AT2 cells.  
Adsorptive patterns observed in a medium containing either (A.) recombinant Elafin or (B.) 
endogenous Elafin and f-MWNTS.  (C.) No change in SLPI mRNA was observed following 
exposure to 5 or 50µg/ml of AR or AO-MWNTs at 1, 4 or 24 hours post exposure. Data is 
expressed as mean ±SEM, n=2.  For statistical analysis a one-way sample t-test was performed 
with values compared to a non-treated control value of 0. 
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Appendix IX.  Depletion of surfactant proteins A and D following MWNT exposure.  (A.) 
Immunoblot depicting surfactant proteins A and D in cell lysates following a 24 hour AR-MWNT 
exposure (1-50µg/ml) and densitometry of the immunoblot in (A) depicting (B.) surfactant 
protein A and (C.) surfactant protein D protein expression.  AT2 cell surfactant protein A (D.) 
and surfactant protein D (E.) gene expression following a 5 or 50µg/ml AR or AO MWNT 
exposure for 1, 4 or 24 hours.  Values were normalised to a GAPDH loading control and 
compared to a untreated control using the ΔΔCt method.  Data is expressed as mean ±SEM, n=3.  
For statistical analysis a one-way sample t-test was performed with values compared to a non-
treated control value of 0. 
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Appendix X.  Total protein recovered from ultracentrifuged fraction of cell supernatant 
following MWNT exposure.  Cell culture media was removed 24 hours following exposure to 5 
and 50µg/ml f-MWNTs and centrifuged at 17,000 x g for 20 minutes.  The resulting pellet was 
washed 3 times by resuspending the pellet in PBS and repeating the centrifugation step.  Finally 
the CNT-protein aggregate was resuspended in PBS and the bound protein were denatured at 
90°C for 10 minutes, before being resolved on a 4-12% NuPAGE Bis-Tris gel.  Total protein was 
visualised using the EZBlue Coomassie Brilliant Blue stain (Sigma-Aldrich, Poole, UK). 

 

Appendix XI. CNT length as determined by SEM.  Data produced by Dr Shu Chen (Imperial 
College London). 

Sample Length (µm) Structure 

AR (as-received Arkema MWNTs) 1.3±0.8 N/A 

P(MAA) 
Poly (Methyl methacrylic acid) 

0.51±0.30 

 

P(4-VP) 
Poly(4-Vinylpyridine) 

0.62±0.32 

 

P(PEGMA) 
Poly (Poly (ethyleneglycol) methacrylate) 

0.59±0.44 

 

AO (acid oxidised) 0.45±0.35 N/A 
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All the CNTs samples contain big aggregates and individual CNTs. The latter was characterized 

by SEM for length measurement.  
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P(4-VP)-MWNT 
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