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Thesis for the degree of Doctor of Philosophy 

NANOTOXICOLOGY: NANOPARTICLE INTERACTION WITH SURFACTANT 

PROTEINS A AND D 

Zofi Amelia McKenzie 

Numerous epidemiological and toxicological studies have associated enhanced 

exposure to ambient air pollution with reduced resolution and increased incidence of 

respiratory infections. Surfactant Proteins A (SP-A) and SP-D are innate immune 

molecules within the lung and are important mediators in the resolution and clearance 

of microbial infections. They have also been implicated in the opsonisation and 

clearance of inorganic particulates in vitro. This study aimed to investigate the 

interaction of SP-A and SP-D with model 100nm unmodified (U-PS) and amine 

modified polystyrene (A-PS) nanoparticles. Firstly, it was hypothesised that the 

particle interaction with these proteins would alter particle clearance by macrophages 

and secondly that the sequestration of SP-A and SP-D by particles would result in a 

reduction in the anti-microbial function of these proteins. SP-A and SP-D were purified 

from the bronchoalveolar lavage fluid of subjects with alveolar proteinosis. Using 

absorption, turbidity, size and zeta potential measurements SP-A and SP-D were 

shown to interact with A-PS and U-PS particles and the extent of these interactions 

were dependent on the zeta potential of the particles. SP-A and SP-D altered the 

colloidal stability of the particles and this was related to the effect of each protein on 

the differential particle uptake by macrophages. In vitro influenza A virus (IAV) 

infection models were optimised using flow cytometry to detect surfactant protein 

mediated neutralisation of this virus at sub-maximal levels in cell lines representing 

cells found within the alveolus. These models were used to study the effect of U-PS 

and A-PS particles on surfactant protein mediated neutralisation of IAV. The results 

showed that nanoparticles can modulate the vitro function of SP-A and SP-D in a 

biphasic fashion in alveolar epithelial cells. However, this effect was dependent on a 

number of factors, including the particle, the protein and cell type under investigation. 

The identification of unlabelled lipids and nanoparticles in vitro by coherent anti-stokes 

raman scattering (CARS) was also be discussed.  
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Chapter 1: Introduction 

Nanotoxicology is an evolving discipline aimed at identifying and 

attenuating the adverse effects of nano-sized materials (NSM). The need for this 

discipline has arisen due to the exponential rise in the manufacture and use of 

engineered nanomaterials (ENM) in the last decade. Nanotechnology is a 

rapidly developing and exciting area of scientific discovery with a vast array of 

possible applications and uses. These applications are summarised in Figure 1.1 

and range from biomedical uses such as cancer diagnostics to using 

nanomaterials to decontaminate water and soil polluted with chemicals [1-3]. 

Forecasters predict that by 2015 the nanotechnology industry will be worth 

between US$1.1-2.5trillion and employ 2 million workers worldwide [4, 5]. 

There are now more than 1,300 products on the market which have been 

identified by their manufacturer as containing ENM. More than half of these 

marketed nano-products relate to health and fitness and there is also increasing 

interest in the use of nanomedicines for both diagnostic and therapeutic 

purposes [6]. However, the potential risk of these materials to consumers, 

workers and the environment is currently unclear.  

Exposure to NSM is not a new phenomenon, throughout evolution 

humans have been exposed to nano-sized particles (NSP) from both biogenic 

and anthropogenic sources. However, over the last century the numbers of NSP 

that we are exposed to has risen dramatically due to anthropogenic emission 

sources such as diesel engines, power plants and other industrial processes [7]. 

Natural sources of NSM, including forest fires and volcanic eruptions, still 

contribute significantly to airborne NSM [8]. A European Scientific Committee 

on Emerging and Newly Identified Health Risks has stated that in every litre of 

air there are between 106 and 108 NSP [9]. As the average human airway 

processes eleven thousand litres of air every day this means that the airway is 
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exposed to around 1010 to 1012 NSP every single day. However, even this dose 

can be several times higher in those who are exposed to high NSP 

concentrations in the workplace [10, 11]. Inhaled particles deposit in the 

respiratory tract in a size dependent manner. Large 8-10µm particles deposit in 

the upper respiratory tract and are readily cleared by macrophages and the 

mucociliary escalator. However, particles with diameters of less than 1 µm can 

reach the alveolus of the lungs and may translocate throughout the organism [7, 

12]. The lung is an attractive target site for drug delivery using nano-carriers for 

both pulmonary and systemic targets as it presents the largest surface area in 

the human body to come into direct contact with the environment and also has 

the potential to avoid first pass metabolism [13].  

It is being increasingly accepted that the toxicity profile of NSM will be 

dependent on how they interact with biological molecules such as proteins and 

lipids and the affect that this interaction has on both particle toxicity and 

protein function. This thesis aims to study the interaction of model 

nanoparticles with two proteins, found primarily in the lung, that are 

responsible for maintaining a clean and sterile environment within the alveolar 

space. Furthermore, this thesis will examine how this interaction affects the 

ability of these proteins to neutralise viral challenge. 
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Figure 1.1: Applications of nanoparticles. Adapted from [14].  

 The alveolus 1.1.

The human lung has an internal surface area of approximately 140m2 with 

more than 95% of the surface area comprising of the alveolar epithelium [15, 

16]. There are two types of alveolar epithelial cells; type I (ATI) and type II 

(ATII) epithelial cells. ATI cells are large thin squamous cells that comprise 94% 

of the alveolar surface area but only a third  of the number of alveolar epithelial 

cells [16]. Although conventionally considered to be biologically inactive, 

simply providing the large surface area of the air-blood barrier required to 

facilitate gas exchange, recent evidence points to a role in maintaining lung 

liquid homeostasis [17]. ATI cells have been shown to be highly permeable to 

water and to play an important role in the high permeability to water between 

the airspace and the blood vessels in the alveolus [18]. Moreover, ATI cells have 

also been shown to actively transport ions and secrete factors that protect the 

alveolus from oxidant induced injury [19, 20]. The main function of ATII cells is 
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the generation, recycling and processing of pulmonary surfactant (see section 

1.2). However, they are also involved in ion transport and act as progenitor cells 

to replace ATI cells following death or injury [21-23].  

 Pulmonary Surfactant  1.2.

Pulmonary surfactant, produced by ATII cells, is a lipoprotein substance 

which lines the alveolar epithelium at the air liquid interface [24, 25]. 

Pulmonary surfactant performs two vital functions in the lung; reducing 

alveolar surface tension after exhalation and protecting the lung from microbial 

infection [26]. Four surfactant proteins (SP) have been identified and comprise 

10% by weight of pulmonary surfactant. SP-B and SP-C are small lipophilic 

proteins, which are highly associated with surfactant lipids and are integral to 

maintaining surface tension within the alveolus [25]. SP-A and D are relatively 

hydrophilic proteins and belong to a c type (calcium dependent) lectin 

subfamily known as the collectins.  

 Collectins 1.3.

Nine collectins have thus far been identified; these are mannose-binding 

lectin (MBL), conglutinin, surfactant protein A (SP-A), SP-D, collectin of 43kDa 

(CL-43), collectin of 46kDa (CL-46), collectin liver (CL-L1), collectin placenta 

(CL-P1), and collectin kidney (CL-K1 or CL-11) [27]. CL-P1 is unique among the 

identified collectins in that it is a transmembrane protein [28]. Conglutinin, CL-

43 and CL-46 are only expressed in species within the Bovidae family[29, 30]. 

 Collectin structure 1.3.1.

Collectin monomers are characterised by their four structural domains; an 

amino terminus, a collagenous domain, a neck region and carbohydrate 

recognition domain (CRD). The collagenous domain is composed of repeated 
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Gly-Xaa-Yaa triplets where Xaa and Yaa represent any amino acids. The 

structure and assembly of SP-A and SP-D monomers and multimers are shown 

in Figure 1.2. Collectin trimers are generated through the formation of a triple 

coiled coil of the neck region of three monomers which mediates the formation 

of a collagen triple helix and disulphide bridges between the amino termini [31, 

32]. The amino termini of the trimers then oligomerise to form cruciform 

shaped dodecamers (i.e. four trimers) and bouquet like octadecamers (i.e. six 

trimers) for SP-D and SP-A respectively [33]. SP-D can also form higher order 

oligomers called stellate multimers consisting of several dodecamers orientated 

in a wheel formation as shown Figure 1.2. The recombinant fragment of human 

SP-D (rfhSP-D) which has been used in this study contains a CRD, neck, and 

truncated collagenous domain containing eight Gly-Xaa-Yaa triplets. This 

rfhSP-D is unable to form the collagen triple helix or oligomerise to form 

supramultimeric structures [31, 34-36]. 
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Figure 1.2: Structure and assembly of SP-A, SP-D and rfhSP-D. Collectin 

monomers consist of four structural domains; the carbohydrate recognition domain (red), alpha 

coiled neck region (blue), collagenous domain (purple) and amino terminus (green). The 

oligomerisation of SP-A trimers results in the formation of octadecamers. SP-D trimers 

oligomerise to form dodecamers and higher order oligomers such as stellate multimers. rfhSP-D 

trimers are unable to form supratrimeric oligomers [33, 35].  Not to scale.  

 Carbohydrate recognition domain 1.3.1.1

The carbohydrate recognition domain (CRD) of collectins contains four 

highly conserved cysteine residues which act to stabilise the globular structure 

of the CRD through the formation of two disulphide bridges (shown in yellow 

in Figure 1.3). The main structural CRD differences between SP-A and SP-D are 

the calcium binding sites, surface loops and electrostatic charge (see Figure 1.3).  

The SP-D CRD contains a high affinity calcium binding or “primary” site 

and two auxiliary calcium sites. The auxiliary calcium binding sites are situated 

8Å and 12Å from the primary site. At concentrations of calcium greater than 

2mM a calcium ion situates within the trimeric axis and results in 

conformational changes in Glu232 residue and thereby alters the charge 



  Chapter 1: Introduction 

7  

distributions across the CRD surface. Crystallisation of the structure of rat SP-A 

shows one calcium bound to the primary site [37]. This means that for each 

trimeric subunit SP-D contains 10 calcium ions whereas SP-A contains 3 

calcium ions.  The structure of native human SP-A (nhSP-A) and nhSP-D have 

not been crystallised therefore the calcium sites in the CRD of rfhSP-D and rat 

SP-A are shown in Figure 1.3. The angle between the CRD and neck region is 

almost perpendicular in SP-A whereas in SP-D this angle is much greater (T 

versus Y orientations) [37]. Previous studies have indicated that the CRD 

domain of SP-A is much more hydrophobic than that of SP-D [37]; however, 

models of the electrostatic surface charges reveal that both proteins contain a 

large positively charged area within the cleft of the CRD (see Figure 1.3B).  

Collectin carbohydrate recognition domains have different carbohydrate 

specificities depending on the collectin and species [38]. Collectins bind with 

greater affinity to the microbial associated ligands such as mannose and glucose 

compared to galactose or fructose which are more common in higher order 

species. SP-A and SP-D recognise equatorial 3’ and 4’ hydroxyl groups on 

polysaccharides [39]. Differences in the glycosylation patterns on microbial 

surfaces allows the collectins to distinguish self from non-self. Variations in the 

specificities and affinities of native human SP-A (nhSP-A) and nhSP-D to 

different carbohydrate residues widens the number of microbial targets for 

these two innate immune molecules. The relative carbohydrate specificities of 

nhSP-A and nhSP-D have been determined using mannan binding competition 

assays. For nhSP-A these were N-acetyl-mannosamine > L-fucose, maltose > 

glucose > mannose. Galactose, D-fucose, glucosamine, mannosamine, 

galactosamine, N-acetyl-glucosamine, and N-acetyl-galactosamine did not 

inhibit mannan binding to nhSP-A [40]. For nhSP-D the inhibitory potencies of 

carbohydrates were determined to be N-acetyl-mannosamine > maltose > 

glucose > mannose > myo-inositol > galactose > N-acetyl-glucosamine [41, 42]  
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The CRD of nhSP-A contains a partially sialylated asp at position 187 

which plays an important role in the ability of SP-A to neutralise certain 

microbial pathogens such as influenza virus. Porcine SP-D (pSP-D) contains a 

terminal sialic acid residue in the CRD which is not present in SP-D from other 

species; pSP-D has been shown to have enhanced haemagglutination inhibition 

compared to human or rat SP-D against β sensitive influenza A strains [42].   

 Neck region  1.3.1.2

Trimerisation of SP-A and SP-D is mediated at the α helical coiled coil 

neck region [43]. The neck region of SP-A and SP-D contain heptad repeats with 

hydrophobic residues at positions a and d. The crystal structure of the neck 

region of rfhSP-D shows that that it makes eight helical turns [44]. Binding and 

crystallographic studies have suggested that SP-A contains an addition calcium 

binding site in an anionic section of the neck region [37]. This anionic patch is 

clearly evident on the electrostatic diagram of the neck and CRD region of SP-A 

(see Figure 1.3C) 

 Collagenous domain 1.3.1.3

The collagenous domain of nhSP-A consists of 23 Glycine-Xaa-Yaa triplets. 

A sequence disruption containing the Pro-Cys-Pro-Pro motif between the 13th 

and 14th triplet results in a disruption or bend in the tertiary structure of the 

collagen triple helix. The cysteine residue has been implicated in the formation 

of disulphide bridges between SP-A units and the stabilisation of the trimeric 

units [45]. The collagenous domain of SP-D is comprised of 59 uninterrupted 

Gly-X-Y triplets [46]. The collagenous domains of native SP-A and SP-D are rich 

in hydroxyproline residues, which are important in the stabilisation of the 

collagen triple helix. The collagenous domain of SP-D also contains 6 

hydroxylated lysine residues which are potential sites for O-glycosylation [47]. 

Moreover, SP-D contains a site for N-linked glycosylation at Asn70 situated in 
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the collagenous domain [48]. This Asn-Gly-Ser glycosylation site is conserved 

across all SP-D characterised to date including porcine, human, rat and bovine 

SP-D [31]. In contrast to other collectins the collagenous domain of SP-A does 

not contain hydroxylated lysine residues [49-51].  

 Amino terminus 1.3.1.4

Two cysteine residues at positions 15 and 20 are contained within the SP-

D amino terminus whereas SP-A contains one cysteine residue at position 6 of 

the mature protein. The cysteine residues within the SP-A and SP-D terminus 

have been shown to play vital roles in the formation of supratrimeric oligomers, 

when the SP-D cysteine residues at positions 15 and 20 are mutated or 

nitrosylated SP-D is expressed solely as trimeric subunits [52-54]. 

  



Chapter 1: Introduction 

10 

rfhSP-D SP-A 

  

  

  

Figure 1.3: Electrostatic potentials and structure of a recombinant fragment of 

human SP-D and a neck CRD fragment of rat SP-A.  (A) Ribbon diagrams of the 

CRD of rfhSP-D (left panel) and rat SP-A (right panel). Calcium ions are shown as green spheres 

and disulphide bridges are coloured yellow. Each monomeric subunit is coloured separately. 

(B) Electrostatic potentials of the CRD and (C) CRD, neck and collagen domain of rfhSP-D and 

rat SP-A. Positive charges are shown in blue and negative charges in red. Calcium ions are 

coloured green. Pictures created using RasMol software with 3PAQ and 1PW9 PDB files for SP-

A and rfhSP-D respectively.  
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 Genetics of SP-A and SP-D  1.3.2.

SP-A and SP-D genes are clustered on the long arm of chromosome 

10q22-23 [55]. The SP-A locus consists of two functional genes (SP-A1 and SP-

A2) flanking a non-functional pseudogene [56]. More than 30 variants of SP-A1 

and SP-A2 have been described with four SP-A1 alleles and six SP-A2 alleles 

reported to occur in more than 1% of the population (i.e. polymorphic) [57]. The 

major differences between SP-A1 and SP-A2 are located at residues 46, 53, 61 

and 65 corresponding to the 13th, 14th, 17th and 18th Gly-Xaa-Yaa triplet of the 

collagen like domain. SP-A1 contains a cysteine residue at position 65, which 

may account for the enhanced thermal stability of SP-A1 compared to SP-A2 

[58]. Originally, it was suggested that SP-A consisted of heterotrimeric units 

constructed of two SP-A1 and one SP-A2 monomeric subunits [59]. However, 

more recent evidence suggests that the proportions of SP-A1 and SP-A2 are 

determined by a number of factors including existing pulmonary disorders, age 

and changes to the lung microenvironment [51, 60]. SP-A2 has been shown to 

bind a wider variety of carbohydrate moieties with greater affinity than SP-A1 

[61]. Both SP-A1 and SP-A2 are able to bind rough LPS however, only the latter 

induces LPS aggregation [62]. SP-A2 has also been shown to have a greater 

opsonic effect on Pseudomonas aeruginosa than SP-A1 [63]. The reasons for the 

enhanced activity of the SP-A2 gene product remain unclear.  

Three polymorphisms in the SP-D gene have been identified at residues 

11 (Met11Thr), 160 (Ala160Thr), and 270 (Ser270Thr). The Met11Thr residue is 

situated within the amino terminus of SP-D and Thr/Thr11 variants result in a 

loss of supratrimerisation of the native protein. The polymorphisms at the other 

sites do not alter the supratrimeric structure of the protein [64].  
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 SP-A and SP-D extrapulmonary expression  1.3.3.

SP-A and SP-D are mainly located on the luminal surface of the 

pulmonary epithelium; however, both proteins have been localised to a number 

of extrapulmonary sites. SP-A has been found in the submucosal gland of 

human nasal mucosa, in skin, in the intestinal epithelium and vaginal 

epithelium [65-68]. SP-A mRNA expression has also been detected at various 

extrapulmonary sites including the prostate and pancreas [66]. SP-D mRNA is 

expressed in a number of sites including the trachea, brain, testis, salivary 

gland, intestine, placenta, prostate, kidney and pancreas. SP-D protein 

expression has also been localised to exocrine salivary and sweat glands as well 

as the ductiles of the pancreas and small bile. Moreover, SP-D has been 

localised within epithelial cells in skin, the oesophagus, uterus bladder, kidney 

collecting ducts, nasal mucosa and urinary bladder [68-70].  SP-D has also been 

localised to the cervix, vagina, uterus and oviduct of the murine and human 

genitourinary tract [70, 71].  

 SP-A and SP-D in Health and Disease 1.3.4.

The pulmonary collectins play an integral role in the innate immune 

defence of the lung; they are pattern recognition molecules and are able to 

protect the lung from infection through a variety of mechanisms. They 

recognise and bind specific carbohydrate moieties on the surface of micro-

organisms and can act to neutralise microbial challenge through their 

agglutination and opsonisation [34, 72-74]. The multifaceted functions of SP-A 

and SP-D are outlined below.  

 1.3.4.1

Surfactant Proteins A and D have been shown to mediate the 

neutralisation and/or opsonisation of a number of viruses. The most 
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characterised are the interactions of SP-A and SP-D with influenza A virus and 

respiratory syncytial virus. The surfactant protein mediated neutralisation of 

IAV is described in detail in section 1.4.3.  

 Respiratory Syncytial Virus  1.3.4.1.1.

Respiratory syncytial virus (RSV) belongs to the paramyxoviridae family 

of viruses and is an enveloped negative sense RNA virus. RSV contains two 

surface glycoproteins called the fusion (F) and G glycoproteins [75]. RSV has 

been reported to infect up to 80% of children in first year of life and is the most 

common cause of severe respiratory disorders in infants [76]. Approximately 

70% of acute bronchiolitis cases are caused by RSV and it accounts for a 

significant proportion of infant hospitalisations [77, 78].  

SP-A and SP-D have been shown to bind to the G protein of RSV in a 

calcium dependent manner [79, 80]. SP-A has also been shown to bind to the F 

protein of RSV; however, in this study SP-A and SP-D did not bind to RSV G 

protein [81]. SP-A and a recombinant form of SP-D have been shown to be able 

inhibit RSV infection both in vitro and in vivo [80-82]. Both collectins have been 

shown to be opsonins for RSV. SP-A enhances RSV uptake by peripheral blood 

monocytes (PBMC) and the U937 macrophage cell line, whereas SP-D has been 

shown to enhance RSV uptake by alveolar macrophages and neutrophils [79]. 

The reduced phagocytosis of RSV by the alveolar macrophages of SP-D-/- 

compared to wild type mice has also been reported [83].  

SP-A and SP-D increase the generation of oxygen radicals by phagocytes 

infected with RSV. Moreover, infiltration of polymorphonuclear leukocytes 

were elevated in both SP-A and SP-D deficient mice following RSV infection 

compared to wild type controls [82, 83]. High serum levels of SP-D have been 

shown to be a biomarker of lung injury during RSV induced bronchiolitis [84]. 

Reduced levels of lung SP-A and SP-D in infants have also been associated with 
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severe RSV infection and polymorphisms in SP-A and SP-D have been linked to 

enhanced susceptibility to RSV infections [85-87].    

 Human Immunodeficiency Virus  1.3.4.1.2.

The identification of SP-A and SP-D in vaginal fluid and the female 

genitourinary tract has led to investigations into the immunomodulatory role of 

these collectins in sexually transmitted infections such as human 

immunodeficiency virus (HIV). SP-A and SP-D bind in a calcium dependent 

manner to gp120, the glycosylated envelope protein on HIV [88-90]. The 

binding of SP-D to gp120 has been shown to be dependent on gp120 

glycosylation [90]. SP-A and SP-D inhibit the direct infection of CD4+ T cells by 

inhibiting the interaction of gp120 with CD4. However, they also enhance the 

phagocytosis of HIV by immature dendritic cells thereby increasing DC transfer 

of HIV to CD4+ T cells. This implies that SP-A and SP-D have dual 

immunomodulatory roles in HIV infection [88]. Moreover, SP-A levels in the 

lungs are elevated in individuals with HIV which has been shown to enhance 

the susceptibility of HIV infected individuals to Mycobacterium tuberculosis 

through increasing the attachment of this bacterium to alveolar macrophages 

[91, 92] 

  Other viruses  1.3.4.1.3.

SP-D has been shown to bind human rhinovirus (HRV) and this binding 

was shown to be calcium dependent and inhibited in the presence of saccharide 

ligands. However, SP-A did not bind to HRV in this study and the effect of SP-

D on HRV infections remains unclear [93]. SP-D has also been shown to bind 

and inhibit the infection of Vaccinia virus (VACV), a prototype for the variola 

virus (VARV) which is the causative agent of smallpox [94]. SP-D binds to the 

glycosylated protein (S protein) on the surface of severe acute respiratory 
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syndrome coronavirus (SARS-CoV) in a calcium dependent manner [95]. SP-A 

has also been shown to be an opsonin for herpes simplex virus [96].  

  SP-A and SP-D in bacterial infections 1.3.4.2

The bacterial ligand lipopolysaccharide (LPS) on the surface of gram 

negative bacteria is a potent inducer of inflammatory mediators such as tumour 

necrosis factor alpha (TNFα), interleukin (IL) 1α, IL-1β, IL-6, IL-8 and IL-10 [97, 

98]. The over-expression of these cytokines, especially TNFα, has been linked 

with the pathogenesis of many diseases including acute respiratory distress 

syndrome (ARDS) and sepsis [99]. There are two forms of LPS; smooth (s) LPS 

contains an o antigen, core oligosaccharides and lipid A component; whereas 

rough (r) LPS lacks the o antigen and part of the core oligosaccharide domain 

(see Figure 1.4). The interaction of LPS with the CD14 receptor on monocyte 

derived cells is an essential part of the cell response to LPS [100].  LPS binding 

protein (LBP) binds LPS and triggers LPS interaction with the CD14 receptor; 

this results in the homodimerisation of toll like receptor (TLR) 4, the formation 

of MD2-TLR4 complexes and the activation of the NF-κB signalling pathway. 

Both SP-A and SP-D have been shown to modulate LPS stimulation of 

macrophage like cells through modulation of this CD14-LPS interaction. 

However, the mechanism and effects of these collectins on LPS stimulation 

differ (see Figure 1.5). SP-A binds to the lipid A component and SP-D binds to 

the core oligosaccharides of rLPS through their CRD and this interaction is 

dependent on the lectin activity of these proteins as the interactions are 

inhibited by the presence of mannose or EDTA [34, 101-103]. These collectins 

are unable to bind to these components of sLPS due to the presence of o 

antigen. SP-D binds to CD14 through its CRD and therefore prevents LPS 

binding to this membrane receptor. SP-A binding to the CD14 receptor is not 

lectin dependent and occurs through the neck region. Although SP-A inhibits 

the binding of sLPS to CD14, the formation of CD14-SP-A-rLPS complexes may 
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enhance the cellular response to rLPS [101, 104]. However, this latter point has 

been disputed in some papers [105, 106].  

The extent of SP-D binding to bacterial LPS has been shown to influence 

the aggregation of bacteria. SP-D induced gross macroscopic aggregation of 

rLPS containing bacteria; whereas SP-D only induced microscopic aggregation 

of bacteria with smooth LPS [107, 108]. SP-D also enhances the uptake and 

killing of bacteria by providing a bridge between collectin receptors on the 

surface of these cells and bacterial ligands. rfhSP-D has also been shown to 

enhance uptake of the gram negative Haemophilus influenzae bacteria by 

macrophages [109].  

These collectins can also bind to and activate macrophages, independent 

of microbial binding, resulting in enhanced phagocytosis and reactive oxygen 

species mediated destruction of micro-organisms [110]. SP-A and SP-D have 

been shown to permeabilise gram negative bacteria membranes and this 

permeability was dependent on the presence of rLPS in the bacterial membrane 

[111-113]. SP-A and SP-D have also been shown to bind in a calcium dependent 

manner to Mycobacterium avium and this binding resulted in a reduction in the 

metabolic rate of the mycobacteria. SP-D was also shown to aggregate and 

opsonise M. avium by macrophages [114].  
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Figure 1.4: Structure of rough and smooth LPS. Smooth LPS consists of repeating 

units of o antigen, core oligosaccharides (outer and inner core) and lipid A (endotoxin) 

components. Rough LPS lacks the o antigen domain and Ra Rb, Rc, Rd, and Re mutants contain 

progressively shorter core oligosaccharide domains. The core oligosaccharides are non-

repeating oligosaccharide units which differ between LPS subtypes except for the Kdo (2-keto-

3-deoxyoctulosonic acid) residue which is conserved across all identified LPS subtypes. Figure 

adapted from [115, 116] and drawn using ChemDraw v12.  
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Figure 1.5: SP-A and SP-D modulate the interaction of sLPS and rLPS with 

CD14; Interaction of A. rough LPS (rLPS) and B. smooth LPS (sLPS) with CD14 receptor 

results in the activation of the NF-κB signalling. C. Formation of SP-A –CD14-rLPS complex 

may result in NF-κB signalling. D. SP-A association with CD14 prevents sLPS binding to this 

receptor. E. SP-D interacts with CD14 via its CRD region preventing the association of both 

types of LPS with CD14. F. SP-A and SP-D may also bind to rLPS, resulting in LPS aggregation 

and preventing rLPS association with CD14. Adapted from [101, 104] 

   SP-A and SP-D in the allergic response 1.3.4.3

SP-A and SP-D have been shown to protect against allergic challenge 

through a variety of mechanisms. In mice, SP-A and SP-D have been shown to 

supress allergen specific IgE production, reduce eosinophilia, and result in a 

shift from a Th2 response towards a Th1 response [117, 118]. SP-D deficient 

mice demonstrated an exacerbated allergic response and this response was 

attenuated with the administration of exogenous SP-D [119]. Moreover, in wild 

type mice and rats allergic sensitisation with ovalbumin has been associated 

with an increase in the expression of SP-A and SP-D [119-121]. Interestingly, in 

humans allergen challenge has been shown to result in SP-D cross-linking and 

perturb the supratrimeric structure of SP-D. In asthmatics the formation of this 

cross-linked SP-D was shown to enhance the pro-inflammatory response to 

allergen challenge [122]. Moreover, exogenous SP-D has been reported to 

enhance the apoptosis and clearance of eosinophil from allergic but not healthy 

individuals [123]. 
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SP-D has been shown to aggregate and opsonise pollen-allergen 

granules. This effect was dependent on calcium and the supratrimeric structure 

of the protein [124]. Although the opsonisation and aggregation of allergen is 

dependent on the supratrimeric SP-D structure, rfhSP-D has been shown to 

reduce the Th2 response, reduce eosinophilia and reduce nitric oxide 

production by alveolar macrophages from sensitised wild type mice [125]. The 

Thr11Thr SP-D polymorphism has been associated in a Chinese population with 

the development of allergic rhinitis [126]. Single nucleotide polymorphisms in 

SP-A2 have also been associated with allergic bronchopulmonary aspergillosis 

and bronchial asthma with rhinitis [127].  

 SP-A and SP-D in apoptotic cell clearance 1.3.4.4

During apoptosis DNA fragments and is presented on the cell surface. 

SP-A and SP-D have been shown to bind DNA and RNA through both their 

CRD and collagenous domain. The CRD mediated binding to nucleic acids was 

shown to be calcium dependent [128, 129]. SP-A and SP-D can both enhance 

apoptotic cell clearance in vitro however, in vivo only SP-D has been shown to 

enhance apoptotic cell phagocytosis [130, 131].  

  SP-A and SP-D in surfactant homeostasis and 1.3.4.5

structure 

The importance of SP-D in the homeostasis of pulmonary surfactant 

became strikingly evident following the characterisation of the phenotype of the 

SP-D deficient mouse. SP-D null mice develop a progressive emphysema like 

phenotype characterised by an accumulation of surfactant phospholipids, 

inflammation, hyperplastic ATII cells containing enlarged laminar bodies, and 

increased numbers of alveolar macrophages. By 24 weeks of age SP-D-/- mice 

have a 10 fold increase in the number of alveolar macrophages compared to 

their wild type counterparts, a high proportion of these macrophages being 
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foamy in appearance [132].  The administration of a recombinant fragment of 

SP-D containing a truncated collagenous domain can partially correct this 

emphysema like phenotype, this correction is dependent on the truncated 

collagenous domain as a SP-D fragment lacking this region does not correct 

morphological changes [133, 134].  

Laminar bodies are specialised organelles in ATII cells in which 

pulmonary surfactant is packaged and stored before excretion by exocytosis 

[135, 136]. The secretion of laminar bodies from ATII cells into the alveolar 

space results in the formation of tubular myelin, a highly organised square 

lattice of surfactant lipids. SP-A has been shown to be important in the 

formation of these surface active structures and has been co-localised to the 

corners of the tubular myelin lattice [137]. SP-A deficient mice have been shown 

to have normal pulmonary function and surfactant homeostasis but are unable 

to form tubular myelin structures [138].   

 SP-A and SP-D in disease  1.3.4.6

Polymorphisms and aberrant levels of SP-A or SP-D have been linked to 

the pathogenesis of a number of diseases. However, no disease has yet been 

identified to directly result from a deficiency or mutation of either protein. 

Damage to the alveolar epithelium can lead to increased translocation of SP-A 

and SP-D into the systemic circulation [139]. This can lead to enhanced levels of 

surfactant proteins in serum and a concomitant reduction of the protein within 

the alveolar air space. Enhanced SP-A and/or SP-D serum concentrations have 

been shown to be predicative biomarkers for lung injury from a number of 

diseases and causes. Increased serum concentrations of SP-A have been 

associated with lung injury from smoking, COPD, pulmonary 

thromboembolism, and acute respiratory distress syndrome [140, 141]. 

Enhanced serum SP-D has been reported to be associated with idiopathic 
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pulmonary fibrosis, interstitial pneumonia, pulmonary alveolar proteinosis and 

cystic fibrosis. Increased serum SP-D in these disorders negatively correlate 

with disease severity and/or lung function [142-144]. Enhanced SP-A and SP-D 

levels have been shown to correlate with the incidence and severity of 

paediatric interstitial lung disease, idiopathic pulmonary fibrosis, and COPD 

[145-150].  Reduced SP-A and SP-D has also been reported in the BALF of 

smokers compared to non-smokers [151, 152]. In one study, both SP-A and SP-D 

expression was lower in the BALF of cystic fibrosis subjects compared to 

healthy controls [153]; however in a second study a reduction in SP-A but not 

SP-D was observed in BALF of cystic fibrosis subjects [154]. This difference may 

be due to variations in the study populations. Furthermore, proteolytic 

enzymes present in cystic fibrosis have been shown to degrade SP-D [155]. 

Children with gastrointestinal flux show reduced levels of higher order SP-A 

and SP-D oligomers and are at increased risk of recurrent pulmonary infections 

[156]. Sarcodosis and silicosis has been shown to be associated with increased 

SP-D levels in BALF [157, 158]. 

Interestingly, the Thr11 polymorphism has been linked in a number of 

studies to an increased risk of COPD whereas a reduced serum concentration of 

SP-D has also been associated with this polymorphism [147, 159, 160]. The 

Met11Thr SP-D polymorphism has also been shown to be associated with 

differential risk of pre-term birth. Individuals homozygous for methionine at 

position 11 were shown to be associated with increased risk of preterm birth 

whereas a reduction in the incidence of preterm birth was observed for 

Thr11Thr. This differential polymorphic effect was observed for the foetus but 

not the mother in both instances [161]. 

An SP-A2 polymorphism within the CRD domain results in increased 

incidence and mortality from meningococcal disease whereas a SP-A1 

polymorphism has been linked to an increased risk of idiopathic pulmonary 
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fibrosis [162, 163]. Abhorrent SP-A expression has been shown to be associated 

with a number of lung cancers. Deletions in the expression of SP-A mRNA in 

non small cell carcinoma (NSCC) tumours and surrounding cells have been 

shown to be a indicator for a poor prognosis and enhanced relapse [164]. SP-A1 

and SP-A2 polymorphisms have also been associated with enhanced risk of 

NSCC and lung adenocarcinoma [165]. SP-A has also been shown to be a useful 

biomarker for lung adenocarcinomas compared to other lung cancers such as 

mesothelioma [166]. Furthermore, a four fold increase in the SP-A levels in 

BALF has been reported in children with various malignancies compared to 

healthy controls [167].  

SP-A and SP-D polymorphisms have been implicated in the success of 

lung transplants. Donor lung grafts which express low SP-A mRNA expression 

prior to transplantation show reduced survival following transplantation. The 

level of SP-A expression has been linked to certain SP-A polymorphisms [168]. 

Lung donors possessing the Thr11Thr SP-D polymorphism have also been 

shown to result in reduced survival following transplantation [169]. High 

serum SP-D levels in lung transplant recipients has been shown to be strongly 

associated with mortality [170]. In a murine study, SP-A has been shown to 

protect against gastrointestinal graft versus host disease following bone 

marrow transplantation [171].        

 Influenza A virus 1.4.

Influenza viruses belongs the Orthomyxoviridae family of viruses which 

consist of influenza A, B and C as well as Thogotovirus and Isavirus [172]. 

According to the World Health Organisation influenza infects up to 15% of the 

world’s population, causing severe morbidity in 3-5million people and 

mortality in up to 500,000 people in non-pandemic years; however, these 

figures increase exponentially during pandemics [173]. In the years between 
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1999 and 2009 it was estimated that the annual mortality rate in England and 

Wales from seasonal influenza was between 7,000 and 25,000 [174]. Influenza A 

virus (IAV) is the most common and pathogenic of these viruses within the 

human population [175].  

 Influenza virion structure 1.4.1.

IAV is a lipid enveloped negative sense RNA virus; its genome consists 

of eight segmented single stranded RNAs of different lengths which encode ten 

viral proteins [172]. The structure of a typical spherical influenza A viron is 

shown in Figure 1.6A. These proteins are nucleoprotein, polymerase base 

protein 1 (PB1), PB2, polymerase acid (PA), haemaglutinin (HA), 

neuraminidase (NA), matrix protein 1 (M1), M2, non-structural protein 1 (NS1) 

and NS2 [176, 177]. Each of the eight viral RNA strands are encapsulated in 

nucleoprotein and associated with a polymerase trimer, consisting of PB1, PB2 

and PA, to form viral ribonucleoprotein (vRNP) complexes. The 8 vRNP are 

encapsulated within a host derived lipid envelope in which the inner leaflet of 

the membrane is associated with a layer of M1 protein. The M1 protein confers 

structural integrity to the virion. HA and NA are the two major glycoproteins 

on the surface of the virus and are expressed as trimers and tetramers 

respectively [178]. IAV are classified according to the subtypes of HA and NA 

they express on their surface; seventeen HA (H1-17) and ten NA (N1-10) 

subtypes have been described however, not all IAV subtypes are infectious to 

humans [179]. These proteins also determine the virulence and species 

specificity of IAVs. IAV are usually spherical particles with a diameter ranging 

from 80-120nm; however, fibrous influenza A virons have also been described 

[180].    
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Figure 1.6: Influenza A Virus; A. Influenza A viron structure and B. replication cycle in 

epithelial cells; 1. Attachment of viral HA to sialic acid receptor; 2. endocytosis of virus-receptor 

complex; 3. fusion of endosomal and viral membranes; 4. release of vRNP into the cytoplasm 5. 

transport of vRNP into the nucleus; 6. replication of vRNA(-) to cRNA (+) and then progeny 

vRNA(-); 7. transcription of vRNA(-) to vmRNA (+); 8. transport of vmRNA to ribosome 9. 

translation of viral proteins and translocation of capsid and M1 proteins to nucleus; 10. 

formation of M1-vRNP complexes; 11. glycosylation of envelope proteins in the endoplasmic 

reticulum and transport to the golgi apparatus; 12. incorporation of envelope proteins into the 

apical plasma membrane; 13. virus assembly and budding; 14. progeny virion release. 

Abbreviations; ER endoplasmic reticulum; GA: golgi apparatus; HA haemaglutinin; M1 matrix 

protein 1; M2 matrix protein 2; NA neuraminidase; NS2 non-structural protein 2; RNA 

ribonucleic acid; Adapted from A. [172] and B. [181]. Drawn with ChemDraw Ultra v12. 
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 IAV Replication 1.4.2.

The main site of viral replication occurs in the epithelial cells lining the 

respiratory tract and is summarised in Figure 1.6B. The IAV infection cycle 

begins with the attachment of viral HA to sialic acid containing receptors on the 

surface of these cells. HA binds to terminal sialic acid residues which are linked 

through either a α(2-6) or α(2-3) linkage to a penultimate galactose residue (see 

Figure 1.7). The specificity of the HA to these residues determines the species 

infectivity of the virus as birds express solely the α(2-3) whereas humans 

express the α(2-6) linkage. Pigs are an important species in IAV re-assortment 

as they express equal amounts of both of these sialic acid linkages [182]. 

Following attachment of HA to cell receptors, the receptor-virus complex is 

internalised by endocytosis. The major route of virus entry is generally 

attributed to clathrin dependent mechanisms; however, non-clathrin non- 

caveolae endocytosis has also been described [178]. During clathrin mediated 

endocytosis, HA binding to surface receptors causes the recruitment of clathrin 

to the basolateral surface and an invagination of the plasma membrane [178, 

183]. The internalised vesicle fuses with endosomes causing a reduction in the 

pH inside the vesicle. This acidic pH triggers the transportation of protons 

through the M2 membrane proton channel and conformational changes to the 

HA glycoprotein [177, 184]. These lead to the fusion of the endosomal and viral 

membrane through the HA fusion peptide and release of vRNP into the cell 

cytoplasm. Nuclear translocation signals encoded within the nucleoprotein 

cause the transportation of the vRNP into the nucleus of the host cell. The 

dissociation of the vRNP from M1 is an essential process in viral replication as 

vRNP cannot transport through nuclear pores whilst in association with M1 

[177]. The negative sense vRNA is transcribed to viral mRNA which is 

translocated to ribosomes in the cytoplasm for translation and production of 

viral proteins. Complementary RNA is also generated at this stage which in 
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turn provides a template for the production of progeny vRNA. Newly 

synthesised viral capsid (PB1, PB2, PA, NP and NS2) proteins are translocated 

into the nucleus and packaged to form the vRNP. M1 protein is also transported 

into the nucleus at this stage and associates with the vRNP, triggering nuclear 

export of the M1-vRNP complex. HA, NA, and M2 are glycoyslated in the 

endoplasmic reticulum transported to the golgi apparatus and then to the apical 

surface where they are incorporated into the plasma membrane through their 

association with lipid rafts [185, 186]. The HA mediates the association of the 

M1 protein of the M1-vRNP complex to the lipid membrane [187]. NA triggers 

the release of progeny virons into the airway lumen by cleaving the cell 

associated sialic acid residues bound to viral HA.  HA is produced and 

incorporated into the apical plasma membrane as a homotrimer. Each HA 

monomer consists of the two subunits HA1 and HA2 joined by a disulfide 

bridge [188]. In order for HA mediated fusion of the endosomal and viral 

membranes to occur the HA must be cleaved between HA1 and HA2 by 

proteases (e.g. human airway trypsin-like protease (HAT)) of the respiratory 

tract [189]. This usually occurs either shortly after HA incorporation into the 

apical host membrane or after virion release into the airway.    
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Figure 1.7: Structures of terminal sialic acid residues. Sialic acid residues (red) 

linked thorough A. α(2,3) and B. α(2,6) linkages to penultimate galactose residues (blue). 

Dashed line represents link to trimannosyl core. Adapted from [182]. Drawn with ChemDraw 

Ultra v12.  

 SP-A and SP-D neutralisation of IAV 1.4.3.

The innate immune response to influenza infection is a multifaceted 

response involving both cell and soluble mediators [190].  Both SP-A and SP-D 

form a vital part of the defence against IAV infection; however, the mechanisms 

behind these inhibitions differ. IAV HA binds to the partially sialyated 

asparagine 187 residue in the CRD of human SP-A. This interaction causes IAV 

neutralisation by occupying the HA binding sites and thus preventing their 

interaction with sialic acid receptors. The SP-A mediated inhibition of IAV is 

not dependent on the presence of calcium and is not antagonised by mannan 

[182, 190, 191]. The interaction of SP-D with IAV occurs through binding to 

glycosylation sites on HA and NA; SP-D is classified as a β type inhibitor of 

influenza as this interaction is calcium dependent and SP-D is heat labile and 

resistant to degradation by NA. Glycosylation of the collectin binding site at the 

asparagine residue at codon 165 of H3 is essential for β inhibitor sensitivity 

[192, 193]. Wild type and SP-A knockout mice, who have normal SP-D levels, 

infected with IAV strains lacking this glycosylation site (i.e. β inhibitor resistant 

influenza strain) have increased morbidity and mortality than those infected 

http://en.wikipedia.org/wiki/Asparagine
http://en.wikipedia.org/wiki/Asparagine
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with strains which are sensitive to β inhibitors [194, 195]. SP-D also inhibits NA 

activity causing a reduction of progeny virion release from the budding site 

[190]. In β inhibitor sensitive strains, SP-D is more effective at neutralising IAV 

infection than SP-A; however, SP-A is more effective at neutralising 

deglycosylated IAV strains than SP-D [196]. SP-A has also been shown to be an 

opsonin to IAV in rat macrophages whereas, SP-D opsonises IAV uptake by 

neutrophils [197, 198]. 

 Factors effecting IAV susceptibility and severity  1.4.4.

There are many factors which influence an individuals susceptibility and 

resulting severity of influenza infection. These include age, lifestyle, pre-

existing health conditions, and environmental exposure to certain substances 

[199-205]. Subjects at particular risk of infection include young children, the 

elderly and those with pre-existing respiratory conditions such as asthma and 

COPD  [203, 206, 207]. A number of other environmental or lifestyle factors 

have also been identified to modulate susceptibility to influenza infection. 

Smokers have been identified as a group at increased risk of influenza infection 

in both epidemiological and toxicological studies. Smokers are several fold 

more likely to develop influenza infections and these infections tend to more 

severe than in non-smokers [204, 205]. Mice exposed to cigarette smoke prior to 

influenza infection show an exaggerated inflammatory response, increased viral 

replication, a reduction in body weight and enhanced mortality compared to 

non-cigarette exposed mice [208-210]. The production of the interferon gamma 

induced protein-10 (IP-10) is a well documented response to IAV infection in 

both in vitro and in vivo models and is an important step for the successful 

resolution of IAV infections. [205]. Pre-exposure to cigarette smoke reduces the 

production of IP-10 following IAV infection [204, 205]. Moreover, this inhibition 

can be antagonised when co-treated with antioxidants; suggesting that the 
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suppression of these antiviral immune responses are in part caused by the 

oxidant activities of cigarette smoke [204]. Exposure to high concentrations of 

diesel exhaust (DE) and diesel exhaust particles (DEP) is also a risk factor for 

influenza infection. Studies have shown that mice exposed to DE show 

enhanced viral replication, and an exaggerated inflammatory response to 

influenza than non-DE exposed mice [199-202]. This may be due to an up-

regulation of the Th2 cytokine IL-4 by DE as this cytokine has been shown to 

inhibit viral clearance in the lung [200]. However, reduced levels of SP-A and 

SP-D have also been reported in mice co-exposed to DE and IAV [199]. 

 Particle exposure and respiratory infections 1.5.

Most of the evidence surrounding the enhanced susceptibility to 

respiratory infections following particulate exposure relates to ambient 

particulate matter rather than engineered nanoparticles. However, these studies 

serve as useful guides to understand the potential toxicological issues which 

may be faced following exposure to NSP.  

 Epidemiological evidence  1.5.1.

Numerous epidemiological studies have associated increased exposure 

to airborne particulate matter (PM) to enhanced morbidity and mortality from 

cardiopulmonary causes [211-214]. One of the adverse respiratory outcomes 

following exposure to high PM levels is increased incidence and severity of 

respiratory infections [215]. This is of particular concern in young children and 

the elderly [216, 217]. Pre-natal exposure to PM2.5 has been shown to increase 

the incidence of recurrent pneumonia and acute bronchitis in children in a 

concentration dependent manner. Moreover, the incidences of these pulmonary 

infections following exposure to PM2.5 was much higher in children with 

asthma [218]. In children less than 1 year, every hour of exposure to indoor 
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PM2.5 above 100µg/m3 led to a 7% increase in the risk of acute lower respiratory 

infection (ALRI); however, this risk was not found in children of 1-2 years [219]. 

These indoor exposures concentrations are common in developing countries 

where ALRI accounts for around 1 in 5 of the deaths of children under 5  [220]. 

Pre-exposure to >33.3 µg/m3 PM10 has also been shown to delay the resolution 

of respiratory tract infections by around 20% in healthy infants [215].   

 Toxicological evidence  1.5.2.

As discussed in section 1.4.4, DEP and DE have also been shown to 

enhance and exacerbate IAV infections in mice [199-202]. Pre-exposure to DE 

and DEP has also been shown to increase RSV infection and viral induced lung 

inflammation in mice in vivo. Interestingly, this study also showed a reduction 

in SP-A expression during RSV infection following exposure to DE [221]. In 

another study the exposure of mice to DEP for 6 months prior to IAV infection 

resulted in an increased incidence of infection but did not alter mortality in IAV 

exposed mice [222]. Conversely, prior exposure to high acute doses of ultrafine 

carbon black has been shown to protect against Streptococcus pneumonia 

induced mortality in mice [223]. Prior exposure to PM2.5 also resulted in changes 

to the resolution kinetics of rats exposed to S. pneumoniae; at 24 hours post 

infection bacterial burdens were enhanced in the lungs of PM exposed rats 

whereas at later time points bacterial burdens were reduced in these rats [224].  

 Cationic nanoparticles; applications and toxicity  1.6.

In the current study amine modified polystyrene nanoparticles are used 

as a model cationic particle. Cationic particles have been investigated for use in 

a number of biomedical applications for diagnostic and therapeutic purposes. 

Cationic supraparamagnetic iron nanoparticles (SPIONS) have been 

investigated for use as contrast agents for magnetic resonance imaging (MRI) 
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[225]. Cationic particles have also been investigated as vectors to deliver drugs 

to tumour target sites and as vectors for gene delivery [226-230].  Moreover, 

cationic gold nanoparticles coupled to single walled carbon nanotubes have 

been used to detect nucleic acid (e.g. DNA) and non-nucleic acid targets (e.g. 

cocaine) in situ [231].  

Although there has been little peer reviewed research on the subject, a 

number of patents have been granted regarding the use of cationic particles in 

personal health care products ranging from sun screen to hair dye products 

[232-236]. Polycationic components of paint have been linked to the 

development of Ardystil syndrome, a condition in textile paint sprayers 

characterised by acute pulmonary oedema and severe respiratory disease [237-

239].  

Cationic nanoparticles have been shown to be internalised by cells to a 

greater extent than their anionic counterparts. This is due to the binding of the 

cationic particles to anionic components of the lipid cell membrane [240]. 

However, enhanced cytotoxicity has also been reported in a number of studies 

[241]. Cationic particles have been shown to cause localised membrane 

disruption in rat cardio myocytes and ‘holes’ in the membranes of human 

alveolar epithelial cells [242, 243]. Amine particles have been shown to 

accumulate in the lysosomes of cells. At the acidic pH of the lysosome the 

amine functional groups can act as a proton sponge , lead to increased proton 

pump activity, result in lysosomal swelling and eventually rupture. Although 

carboxylated particles have also been shown to accumulate within the 

lysosome, this accumulation is not associated with lysosomal swelling [244]. 

Amine modified polystyrene particles have also been shown to activate the Nod 

like receptor 3 (NLRP3) inflammasome in macrophages which resulted in the 

up-regulation of IL-1β. This activation was shown to be dependent on the 

generation of reactive oxygen species and was not observed for unmodified or 
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carboxylated polystyrene particles[245]. Amine modified polystyrene particles 

have also been shown to have enhanced pro-inflammatory potential in 

intratracheally instilled mice compared to unmodified or carboxylated 

nanoparticles [246].  

 Nano-bio interface and the protein corona 1.7.

The ‘nano-bio’ interface is the site at which nanosized materials interact 

with biological substrates such as proteins, lipids, DNA and organelles. The 

interactions which occur at the nano-bio interface are dynamic and NSM 

surface characteristics play pivotal roles in determining the strength and extent 

of these interactions; these characteristics include but are not limited to 

chemical composition, functionalization, shape, curvature, and the 

hydrophobicity/hydrophilicity of the material surface [247]. In biological fluids 

proteins coat the surface of the nanoparticle forming a multi-layered protein 

corona. The corona consists of an inner layer of proteins strongly associated to 

the particle surface and an outer layer of weakly associated proteins. The 

strongly associated proteins form the “hard” corona and are often described as 

being irreversibly bound to the particle core [248, 249]. Proteins of the “soft” 

corona are weakly associated and are rapidly exchanged with bio-molecules 

from the surrounding medium [250, 251]. The protein corona is degraded in the 

lysosomes; in the case of cationic particles such as amine functionalised 

polystyrene, the degradation of the protein corona leads to exposure of the 

protonated cationic groups and lysosomal escape following rupture of the 

lysosomal membrane [244].  

 Nano-bio interactions effect on protein function 1.7.1.

Interactions of nanomaterials with proteins can induce protein 

conformational changes and effect protein function [250, 252, 253]. Serum 
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albumins from bovine (BSA) and humans (HSA) have been extensively studied 

for their ability to associate with a range of nanoparticles [254, 255]. BSA has 

been shown to associate with both gold nanoparticles (GNP) and gold nanorods 

(GNR) however, the chemistry behind these associations differ. The 

thermodynamic profiles of the association between BSA and GNR or GNP vary. 

The BSA-GNR interaction is an endothermic reaction whereas the latter 

interaction is exothermic. Moreover, the binding affinity of BSA to GNR is 

around 100x greater and results in a substantial reduction in protein function 

compared to the interaction with GNP [254].  

 Nanoparticle interaction with components of 1.7.1.1

pulmonary surfactant 

Once in the alveolus the particles deposit onto the air-liquid interface of 

the epithelium and are displaced into the surfactant hydrophase through 

wetting forces [256]. A number of studies have investigated the acellular 

interactions between components of pulmonary surfactant and NSM. These 

studies have demonstrated that both surfactant phospholipids and proteins can 

interact with these materials and that this interaction can affect the properties of 

both NSM and the biological molecules. The addition of titanium dioxide, 

polystyrene, or gold NSP to surfactant alters surfactant ultrastructure in vivo 

and perturbs the surface tension lowing properties of surfactant phospholipids 

in vitro [257, 258]. Dipalmitoyl-phosphatidylcholine (DPPC) is the most 

abundant component, comprising up to 70% by weight of pulmonary surfactant 

[259]. DPPC has been shown to interact with NSP and micro-particles and this 

interaction has been shown to be dependent on both particle concentration and 

surface chemistry [260-262]. Moreover, the interaction of poly(lactic-co-glycolic 

acid) (PLGA) micro-particles with DPPC has been shown to reduce particle 

uptake by alveolar macrophages [261].  
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  Particle interaction with SP-A and SP-D 1.7.1.1.1.

The interaction of surfactant proteins with NSM has also been reported. 

Salvador-Morales et al. (2007) reported that SP-A and SP-D bind to functional 

groups, generated from impurities during synthesis, on the surface of carbon 

nanotubes. This binding was mediated by the CRD domain of the proteins and 

was dependent on the presence of calcium. Furthermore, SP-A and SP-D  were 

unable to bind bare (i.e. non-functionalised) carbon nanotube surfaces [263]. SP-

A has been shown to enhance the uptake of titanium dioxide particles (size 

undisclosed) and 1µm latex beads by rat alveolar macrophages. In this study, 

surfactant lipids and IgG enhanced titanium dioxide particle uptake to a similar 

extent to SP-A. The pre-treatment of macrophages with SP-A also resulted in 

enhanced uptake of unopsonised titanium dioxide [264]. Metal oxide 

nanoparticles incubated in BAL have been shown to absorb SP-A; the extent of 

this interaction was shown to be dependent on the particle surface chemistry 

[265]. The interaction between magnetite particles possessing different polymer 

coatings with SP-A and SP-D has also been investigated. These studies have 

shown that both SP-A and SP-D enhance the uptake by macrophages of 

magnetite particles with hydrophobic and hydrophilic surface coatings. 

However, SP-D enhanced the uptake of hydrophilic nanoparticles to a greater 

extent than SP-A; whereas for hydrophobic particles the reverse was true [266, 

267]. The effect of SP-A and SP-D on the uptake of polymer coated magnetite 

particles was negated following pre-incubation with surfactant lipids [267]. This 

is consistent with other work which showed that surfactant protein related 

amino acids associate with PM2.5 incubated in bronchoalveolar lavage fluid; 

however, this study also showed that PM2.5 associates most strongly with the 

surfactant lipid DPPC [262]. Furthermore, in an in vivo study the systemic bio-

distribution of gold nanoparticles was shown to be slightly but not significantly 

reduced following pre-incubation with exogenous SP-D [268]. The effect of 
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particle interaction with nanoparticles on the function of SP-A and SP-D has yet 

to be investigated.  

 Study aims and hypothesis  1.8.

The overarching hypothesis of this study was that nanoparticles can 

sequester surfactant proteins A and D in the alveolus and that this sequestration 

will lead to altered particle clearance by immune cells (see Figure 1.8). 

Furthermore, it is hypothesised that the association of particles with SP-A and 

SP-D will lead to a deficiency in these surfactant proteins and enhance 

susceptibility to infection.   

The aims of this study were as follows;  

1) To investigate the absorption of SP-A, SP-D and rfhSP-D to 

polystyrene nanoparticles with different surface modifications and 

charges;  

2) To determine the effect of this interaction on particle aggregation;  

3) To examine the effect of the interaction of protein and particle on the 

uptake by a macrophage-like cell line and alveolar macrophages from 

wild type, SP-A deficient and SP-D deficient mice;  

4) To develop in vitro infection assays capable of determining the effect 

of nanoparticles on SP-A and SP-D function;  

5) To investigate the use of coherent anti-stokes raman spectroscopy to 

detect unlabelled lipids and nanoparticles in vitro. 
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Figure 1.8: Hypothesised particle interaction with surfactant proteins in the 

alveolar lining fluid: Inhaled particles enter the alveolar space (1) and deposit onto the air-

liquid interface of the alveolus (2). The particles are then displaced into the fluid phase through 

wetting forces, resulting in the formation of a lipid corona (3). The bio corona is then modified 

through the incorporation of Surfactant Proteins, resulting in particle agglomeration (4). Particle 

agglomerates are recognised by alveolar macrophages (5) and phagocytosed (6). Abbreviations: 

ATI; alveolar epithelial type I cells, ATII alveolar epithelial type II cells. Adapted from [269]. 
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: Purification of Surfactant Proteins A and D  Chapter 2

 Introduction  2.1.

This chapter outlines the expression and purification of a recombinant 

fragment of SP-D (rfhSP-D) as well as the purification of native human 

surfactant protein A (nhSP-A) and nhSP-D from bronchoalveolar lavage fluid 

(BALF). The purification of nhSP-D using two different affinity resins were 

compared using yield, purity and endotoxin levels as measurement markers. 

Purified proteins were characterised by SDS PAGE and western blot analysis.  

 Methods  2.2.

 Expression of rfhSP-D in Escherichia coli 2.2.1.

rfhSP-D was expressed and purified as described in [270]. Escherichia coli 

(E. coli) bacteria (BL21 DE3 containing pALMI-53) containing a rfhSP-D 

kanamycin resistant plasmid was incubated overnight at 37°C on fresh sterile 

LB agar (Sigma, Dorset, UK) containing 25µg/mL Kanamycin monosulphate 

(Sigma, UK). Sterile LB broth (Sigma, UK) containing 25µg/mL Kanamycin 

monosulphate was inoculated with a single colony from this culture and 

incubated overnight whilst shaking at 220rpm at 37°C. Magic Media 

Component A (Invitrogen, UK) was dissolved in 950mL mQ water, autoclaved 

and then Magic Media Component B (50mL) with 25µg/mL Kanamycin 

monosulphate was added to a 2L baffle flask. This was then divided into two 

sterile baffle flasks and the bacterial culture was split between these two flasks. 

The bacterial cultures were then incubated for 22 hours at 37°C whilst stirring. 

The cells were harvested by centrifugation at 2700g for 20 minutes at 4°C and 

the cell pellet was re-suspended in 6mL of Bugbuster master mix (Novagen, 

Merck Chemicals Ltd. Nottingham, UK) per gram of bacterial cell pellet. 
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Complete protease inhibitor cocktail (Roche Diagnostics Ltd, West Sussex, UK) 

was added to the resuspended pellet which was then rotated for 20 minutes to 

lyse the cells and then centrifuged at 16,000g for 20 minutes. The pellet was 

resuspended in Bugbuster mastermix (60mL/g) and rotated for 10 minutes to 

mix. The mixture was then centrifuged again at 16,000g for 20 minutes and the 

pellet was resuspended in solubilisation buffer consisting of 20mM Tris, 150mM 

NaCl, 5mM CaCl2, 5% v/v glycerol, 8M urea (pH 7.4) to achieve a 10mg/mL 

protein concentration. The sample was then mixed at 4°C for 1 hour and then 

centrifuged at 9,000g for 20 minutes. The supernatant was dialysed in 

Snakeskin Pleated dialysis tubing (Thermo Scientific, UK) against solubilisation 

buffer containing 4M urea overnight at 4°C. Buffers were exchanged every 24 

hours using decreasing concentrations of urea (2M, 1M then 0M). The sample 

was then dialysed against fresh solubilisation buffer without glycerol or urea 

and this was changed every 2 hours. The dialysate was centrifuged at 9,000g for 

15 minutes, the supernatant recovered and stored in 50mL aliquots at -20°C 

until needed.   

 Purification of rfhSP-D 2.2.2.

Protein purification was performed using fast performance liquid 

chromatography on an Akta 900 (Amersham BioSciences). A N-Acetyl-D-

mannosamine (ManNAc) sepharose (20mL) column was equilibrated with 

20mM Tris, 150mM NaCl, 5mM CaCl2 at pH7.4 (running buffer). The column 

was then loaded with one 50mL aliquot of the expressed protein (see expression 

of rfhSP-D) in running buffer. Following loading, the column was washed (3 

column volumes (CV)) with a high salt buffer containing 20mM Tris, 1M NaCl, 

5mM CaCl2 at pH7.4; then with running buffer (3CV). Protein was eluted with 

20mM Tris, 150mM NaCl, 10mM EDTA at pH 7.4 (EDTA buffer). This protein 

was collected in 2mL fractions and these fractions were loaded onto a Superdex 
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200 100mL column, for size chromatography, equilibrated with EDTA buffer. 

Fractions (1mL) were taken and those containing protein were pooled and 

concentrated to 4mg/mL with Amicon Ultra filters (30,000 MWCO; Millipore, 

Watford, UK). A polymixin B 20mL column (Pierce, ThermoScientific, UK) was 

equilibrated in calcium free PBS (3CV; PAA laboratories Ltd, Somerset, UK) 

and the protein was then loaded and eluted from the column in this PBS. The 

column was then serially washed with three CV of Limulus Amoebocyte Lysate 

(LAL) Reagent water (Lonza Biologics Plc, Berkshire, UK), 1% sodium 

deoxycholate, then LAL water to remove bound endotoxin and protein from the 

column. The column was then equilibrated in 20% ethanol for storage. Eluted 

protein was collected, pooled and aliquoted before being frozen at -20°C until 

needed. The optical densities of the protein samples at 280nm were measured 

before and after each purification step. 

 Purification of Surfactant Proteins from BALF  2.2.3.

nhSP-A and nhSP-D were purified from the bronchoalveolar lavage fluid 

(BALF) of subjects with alveolar proteinosis. The Respiratory Biomedical Unit 

Heads of Corsortia (NRS reference 10/H0504/9) approved the use of BALF, for 

the purification of surfactant proteins. Lavage was brought to 10mM EDTA and 

20mM Tris and adjusted to pH7.4 using concentrated hydrochloric acid. The 

BALF was then centrifuged at 10,000g for 45 minutes at 4°C. The supernatant 

was decanted and frozen for nhSP-D purification as described in section 2.2.3.2. 

The pellet was kept for the purification of nhSP-A as described in section 2.2.3.1.  

 Purification of nhSP-A from BALF 2.2.3.1

SP-A was purified from the bronchoalveolar lavage pellets of alveolar 

proteinosis subjects using a protocol provided by Wright, JR [271]. Aliquots of 

surfactant pellet (see section 2.2.3) were injected into a 50x excess of 1-butanol 
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(Sigma, UK) to delipidiate the sample and allowed to stir for 1 hour at room 

temperature. The solution was then centrifuged at 134,000g for 30 minutes at 

4°C. The supernatant was removed and the pellet resuspended in butanol. The 

solution was then centrifuged again at 134,000g for 30 minutes at 4°C. The 

pellets were then dried under nitrogen to remove the butanol and resuspended 

in 20mM n-octyl-B-D-glucopyranoside (OGP), 150 mM NaCl, and 5 mM Tris at 

pH 7.4 (OGP buffer). The suspension was centrifuged at 134,000g for 30 minutes 

at 4°C and the pellets were re-suspended in OGP buffer then centrifuged again 

at 134,000g for 30 minutes at 4°C. The pellet was then re-suspended in 5mL of 

5mM Tris and 0.141g of OGP was added to the solution and rotated at room 

temperature for 30 minutes. Polymixin B beads were added to the mixture to 

remove endotoxin and the solution was dialysed (10,000MWCO, Thermo 

Scientific, UK) against four 12 hour changes of 5mM Tris. The polymixin B 

beads were removed from the preparation by centrifuging for 10 minutes at 

10,000g. The sample was then centrifuged at 134,000g for 60 minutes and the 

SP-A containing supernatant was sterile filtered using a 0.22µm filter. The SP-A 

was then aliquoted and stored at -20°C until needed. SP-A in the preparation 

was confirmed using SDS PAGE and western blot analysis. 

 Purification of nhSP-D from BALF 2.2.3.2

nhSP-D from subjects with alveolar proteinosis was purified as 

previously described [272]. Affinity resin (15mL of maltose agarose or ManNAc 

sepaharose as described in text) was regenerated in 20mM Tris, I50mM NaCl 

and 50mM EDTA, pH7.4. Following regeneration the column was re-

equilibrated in running buffer (see section 2.2.3). The lavage was defrosted and 

brought to 20mM CaCl2 (Sigma, UK). The pH of the lavage was maintained 

between 6.5-8.0 with concentrated sodium hydroxide during calcium addition 

and brought to pH7.4 after the final calcium was added. The equilibrated 

affinity resin was added to the lavage and allowed to mix overnight at 4°C. The 
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lavage was passed through a grade 1 sintered funnel under vacuum and the 

resin recovered using running buffer. The resin was packed into an affinity 

column and connected to the Akta 900 (Amersham BioSciences). The slurry was 

packed down in the running buffer and washed with this buffer until a stable 

baseline was reached. The column was then washed with 1.5CV of high salt 

buffer before being re-equilibrated in running buffer (1.5CV). The nhSP-D was 

eluted with 2CV 20mM Tris, 150mM NaCl and 50mM MnCl2 (pH7.4). The 

eluted peak was pooled and buffer exchanged into EDTA buffer then 

concentrated to ~1mg/mL with a Amicon 30k molecular weight cut off (MWCO) 

concentrator (Millipore, Fisher, UK). The affinity resin was washed with EDTA 

buffer (2CV) to clean the column. The Superose 6 (120mL; unless otherwise 

stated) column was equilibrated with 1.5CV EDTA buffer and the concentrated 

protein was loaded onto the column. The gel filtration column was run with 

EDTA buffer for 2CV to elute the protein. Fractions (0.5mL) were collected and 

frozen for analysis by ELISA, SDS PAGE and western blot. Following 

verification, the nhSP-D peak fractions were pooled and concentrated using a 

Amicon 30kMWCO concentrator. The nhSP-D was mixed with polymixin B 

beads for 1 hour at room temperature then centrifuged at 300g for 5 minutes to 

remove the beads. nhSP-D was aliquoted into 20µl aliquots and frozen at -20°C 

for later use.     

 nhSP-D ELISA 2.2.4.

SP-D ELISA protocol was adapted from [273].The rabbit polyclonal anti-

human rfhSP-D (capture) antibody was diluted 1000 times in carbonate buffer 

(pH9.6; Sigma, UK) to a concentration of 1.6µg/mL and 100µl was added to 

each well of a 96 well Maxisorp plate (Nunc, Fisher Scientific, UK). The plate 

was sealed with parafilm and incubated overnight at 4°C. The plate was 

washed four times in TBS, 5mM CaCl2, 0.05% Tween20 (wash buffer) and then 



Chapter 2: Protein Purification 

42 

each well was incubated in 200µl wash buffer for 15 minutes at room 

temperature to block unbound sites. The plate was then washed once more with 

wash buffer then 100µL of sample or standard was added. Recombinant full 

length SP-D was kindly provided by Dr Jens Madsen for the ELISA standard. 

The plate was incubated overnight at 4°C then washed four times in wash 

buffer. The wells were then incubated with 100µL detection antibody (0.5µg/mL 

biotinylated monoclonal mouse anti-human SP-D antibody, Hyb 246-04) in 

wash buffer for 1 hour at room temperature. The plate was then washed four 

times in wash buffer then incubated for 1 hour with 100 μL/well of 33ng/mL 

Streptavidin-HRP (Sigma, UK) in wash buffer. The plate was washed again four 

times in wash buffer then 100 μL/well of TMB (3,3′,5,5′-tetramethylbenzidine) 

substrate was added and incubated for 30 minutes at room temperature. The 

reaction was stopped by adding 50 μL/well of 0.5 M H2SO4. The absorbance was 

read at 450nm using a Molecular Devices SpectraMax 340pc plate reader. 

 Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis  2.2.5.

SDS PAGE was conducted using NuPAGE 4-12% Bis-Tris gels (unless 

otherwise stated) with MES buffer as recommended by the manufacturer 

(Invitrogen, Paisley, UK). Samples for reduced gels were prepared by adding 

13.5µL of sample in milliQ water to 5µL of (4x) NuPAGE LDS sample buffer 

and 2µL of (10x) reducing agent. Gels were run at 200mV for 35 minutes and 

stained using simply blue or silver or transferred onto western blot membranes.   

 Simply blue staining 2.2.5.1

Immediately following electrophoresis, gels were removed from their 

casing and rinsed twice with milliQ water. Fresh milliQ water (100mL) was 

added, then the gel was microwaved for 1 minute on medium high and placed 

on a rotary shaker for a further minute. This wash step was repeated twice 
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more with fresh milliQ water at each step. The gel was then immersed in 20mL 

of Simply Blue Safe stain (Invitrogen, UK), covered with parafilm and placed on 

a rotary shaker overnight. The gel was destained using milliQ water (3 washes 

of 1 hour each) on a rotary shaker. 

 Silver staining 2.2.5.2

Silver staining was conducted as recommended by the manufacturer 

(BioRad, Hemel Hempstead, UK) Immediately after electrophoresis was 

complete the gels were placed in fixative solution containing 40% methanol and 

10% acetic acid (v/v) and incubated for at least 60 minutes. The fixative was 

then removed and replaced with 200mL of 10% ethanol with 5% acetic acid 

(v/v) and incubated for a further 30 minutes. The gel was then incubated for a 

further 30 minutes in fresh 10% ethanol, 5% acetic acid and then for 10 minutes 

in oxidiser. The gel was washed three times for 10 minutes per wash in milliQ 

water or until all the yellow colour was removed. The gel was then incubated 

for 30 minutes in silver reagent (200mL) then washed briefly for 2 minutes in 

milliQ water. The gel was placed in developer for 30 seconds then replaced 

twice with fresh developer and incubated for a further 5 minutes for each 

incubation. The reaction was stopped using 5% acetic acid (v/v).        

 Western blot 2.2.5.3

Western blots for SP-A and SP-D were conducted as recommended by 

the manufacturer (Invitrogen, UK). Gels were transferred onto PVDF 

membranes using an iBlot (Invitrogen, UK). Following transfer, PVDF 

membranes were washed twice with water and then incubated overnight at 

room temperature in 5% milk in TBS containing 0.1% tween (blocking buffer) to 

block non-specific staining. The membranes were then washed three times in 

TBS with 0.1% tween for 5 minutes per wash on a rotary shaker. The 

membranes were then incubated with primary antibody in blocking buffer for 1 
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hour at 37°C. For nhSP-A specific western blots a polyclonal rabbit nhSP-A 

specific antibody (Rb 96/17792) at a dilution of 1 in 1000 was used. For both 

rfhSP-D and nhSP-D western blots a polyclonal rabbit antibody raised against 

rfhSP-D was used at a concentration of 1.6 µg/mL. The primary antibody was 

removed and the membrane washed three times in TBS with 0.1% tween as 

previously described. The membrane was then incubated with 2mL secondary 

anti-rabbit antibody conjugated to alkaline phosphatase (Invitrogen, UK) for 30 

minutes at 37°C. The membrane was then washed three times in TBS with 0.1% 

tween as described previously and then the membrane was placed onto a 1mL 

aliquot of AP- chemiluminescent substrate (Novex, Invitrogen, UK) and 

incubated for 5 minutes. The membrane was then sandwiched with plastic in a 

film cassette and in the dark, a photographic film was placed onto the plastic 

covered membrane. The film was exposed to the membrane for 5-15 minutes in 

the closed cassette then placed in photographic developer. The film was washed 

in water then placed in photographic fixer for 20 seconds. The film was washed 

again in water then dried.    

 Limulus Amoebocyte Lysate assay 2.2.6.

Endotoxin concentrations in purified protein samples were determined 

using the Limulus Amebocyte Lysate (LAL) chromogenic assay (Lonza, UK) 

and conducted as described by the manufacturer. Briefly, sample and standards 

(50µL) diluted in LAL free water (Lonza, UK) were aliquoted into a 96 well 

plate which were incubated in Limulus Amebocyte Lysate (50µL) at 37°C for 10 

minutes. Aliquots (50µL) of chromogenic lyophilized substrate were added to 

each well and incubated for 6 minutes at 37°C, the reaction was then stopped 

using 10% Sodium dodecyl sulphate in LAL water (100µL/well). A Molecular 

Devices SpectraMax 340pc plate reader was used to determine the absorbance 

of each sample at 405nm. A four point 2 fold serially diluted standard curve 
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with a top concentration of 1 endotoxin unit/mL was used. Each sample was 

prepared in duplicate. 

 Transmission Electron Microscopy 2.2.7.

SP-D samples (5µL) were placed on formvar-carbon coated grids and left 

for 1 hour. Any residual liquid was removed using tissue paper then the 

samples were negatively stained with 5µL uranyl acetate for 10 seconds. The 

samples were then analysed using a Technai12 Transmission Electron 

Microscope (FEI, Eindhoven, The Netherlands).   

 Results 2.3.

 Expression and purification of rfhSP-D 2.3.1.

A recombinant fragment of surfactant protein D (rfhSP-D) was expressed 

in E. coli as previously described [270]. Successful induction with magic media 

was confirmed using SDS PAGE (see Figure 2.2A). Protein folding was 

conducted using a urea gradient and was then purified using affinity 

chromatography and gel filtration. Table 2.1 shows the total amount of protein 

at each stage of the purification process. Prior to affinity chromatography there 

was approximately 76.2mg of protein, this will include incorrectly folded 

protein, rfhSP-D without lectin activity, and some bacteria associated proteins 

as well. Expressed protein was flowed through a ManNAc sepharose affinity 

column in the presence of calcium. Protein which was unable to bind to the 

carbohydrate based column in the presence of calcium was eluted and 

discarded at this step (see Figure 2.1A; peak 1). A high salt wash was conducted 

to elute protein (Figure 2.1A; peak 2) which was non-specifically bound to the 

column matrix. The final EDTA wash eluted protein which was bound in a 

calcium dependent manner to the sugar based column (Figure 2.1A peak 3). 
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This peak was pooled and purified using gel filtration. Gel filtration separates 

protein on the basis of size. Following affinity chromatography approximately 

20.3mg of protein remained, this includes protein which binds the ManNAc in a 

calcium dependent manner but may include other oligomeric forms (see Table 

2.1). Figure 2.1B shows a typical gel filtration chromatogram. The main peak at 

an elution volume of around 70mL was collected as indicated in Figure 2.1B, the 

shoulder of this peak was not collected. Following gel filtration there was 

approximately 11.2 mg protein which was correctly folded, with a uniform size 

distribution and a functional lectin domain. However, as the protein was 

expressed in a bacterial system, it is prone to high levels of endotoxin 

contamination and it is therefore important to reduce this contamination. The 

rfhSP-D was flowed through a polymixin B containing detoxigel column to 

remove endotoxin contamination and yielded a total amount of 8.4mg of rfhSP-

D in the final preparation. The endotoxin concentration of the final preparation 

was determined using the Limulus Amebocyte Lysate (LAL) assay to be 0.105 

ng/µg rfhSP-D. rfhSP-D was either expressed and purified by ZM/JPT or by 

GlaxoSmithKline. A rfhSP-D western blot confirmed the identity of the 

expressed protein (Figure 2.2C).  

 

Purification 

step 
OD280 

Volume of protein 

(mL) 

Total protein 

mg 

Pre-affinity  1.523 50 76.2 

Post affinity 1.267 16 20.3 

Post Superdex 0.312 36 11.2 

Post Detoxigel 0.985 8.5 8.4 

Table 2.1: rfhSP-D protein loss during purification. 



  Chapter 2: Protein Purification 

47  

 

Figure 2.1: Purification of rfhSP-D. Representative chromatograms from A. Affinity, B 

Size exclusion and C. Detoxigel columns. Chromatograms represent intensity of signal in 

milliabsorbance units (mAU) against volume of buffer flowed through column (mL). Blue, red 

and pink lines represent absorption at 280nm, 254nm and 259nm respectively. Note different 

scales in chromatograms. Expression and purification of rfhSP-D was conducted by Zofi 

McKenzie and Paul Townsend during MRes.  

   

 

 

Figure 2.2: Expression and Purification of rfhSP-D. A. Induction of rfhSP-D; Lane 

numbers; 1. Negative control; 2. Bacteria lysate pre-induction; 3. Bacteria lysate post-induction; 

4. rfhSP-D control (1µg/mL) B. Purification of rfhSP-D; Lane numbers; 1. Blank 2. Post affinity 3. 

Post gel filtration 4. Post detoxigel 5. Blank 6. rfhSP-D control. Amount of rfhSP-D loaded per 

well normalised to 1µg as determined by optical density at 280nm. C. Western blot for rfhSP-D.   
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 Purification of nhSP-A 2.3.2.

nhSP-A was purified as previously described from the bronchoalveolar 

lavage of subjects with alveolar proteinosis [271, 274]. Lipid was extracted from 

the 10,000g nhSP-A containing pellet of BALF using butanol. OGP (n-octyl-B-D-

glucopyranoside) is a non-ionic detergent used to solubilise lipid bound 

proteins. The butanol insoluble protein containing pellet was solubilised using 

low concentrations of OGP and the soluble fraction was removed by 

centrifugation. A high concentration of OGP was then used to solubilise the 

nhSP-A and then the OGP was removed using dialysis. The insoluble fraction 

was removed using centrifugation and the nhSP-A containing supernatant was 

frozen in aliquots. Endotoxin content was assessed by LAL assay to be <0.1 

ng/µg of nhSP-A. Purified preparations of nhSP-A contained two bands at 

around 33kDa and 56kDa on reduced SDS PAGE (see Figure 2.3). This is 

consistent with previous literature and with western blots for nhSP-A (see 

Figure 2.6). Western blot analysis of nhSP-A samples also showed that nhSP-A 

samples did not contain detectable nhSP-D.   
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Figure 2.3: Purification of nhSP-A; Simply blue stained reduced SDS PAGE gel of 1. 

nhSP-A control; 2. BALF pellet; 3. Post dialysis sample 4. Purified SP-A sample. Gel was run 

under reducing conditions by Z. McKenzie and J. Pugh 

 Purification of nhSP-D 2.3.3.

nhSP-D was purified from the bronchoalveolar lavage of subjects with 

alveolar proteinosis. The superose 6 chromatograph shows the elution of two 

peaks following affinity chromatography with ManNAc Sepharose (see Figure 

2.4A). The first peak with an elution volume of 31mL corresponds to a protein 

mass of approximately 1.7mDa as determined by gel chromatography 

standards (data not shown). As this peak is eluted near the void volume of the 

column, this is only an approximate molecular mass. The second peak is eluted 

at 43mL which corresponds to ~800kDa. The SDS PAGE gel shows a 49kDa 

band corresponding to the molecular mass of monomeric control SP-D in both 

the 800kDa and 1.7mDa peaks. However, the 800kDa peak also shows bands at 

~36kDa and 56kDa corresponding to those of SP-A (see Figure 2.4B).  
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Figure 2.4: SP-D purification. A. Superose 6 (80mL) size exclusion chromatograph of 

nhSP-D. Line represents emission at 280nm. Chromatograph and molecular weight 

quantification from purification conducted by Paul Townsend. B. 12% Bis-Tris SDS PAGE of 1) 

800kDa SP-D and 2) 1.7mDa SP-D under reducing conditions.  

 Maltose verses ManNAc purification 2.3.3.1

Previous studies have used maltose as the affinity resin for the 

purification of nhSP-D from lavage fluid. However, ManNAc has a greater 

binding efficiency to nhSP-D than maltose and preliminary experiments using 

ManNAc resin showed high nhSP-D yields and an extra peak at around 800kDa 

containing SP-D [41]. Therefore, the effectiveness of both these resins was 

directly compared for purifying nhSP-D. A 3L aliquot of BALF from an alveolar 

proteinosis subject was divided equally into two and 15mL of ManNAc or 

maltose resin was added. Gel chromatographs following maltose and ManNAc 

affinity chromatography confirm that purifying nhSP-D with ManNAc results 

in the elution of two peaks (see Figure 2.5).  

The absorbance measured at 280nm shows the total protein eluted. 

Therefore, the SP-D was localised in alternate fractions using an ELISA for 

nhSP-D. The results, shown in Figure 2.5, show that the main peak eluted 

correspond with fractions containing large amounts of nhSP-D. Both the 
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absorbance readings from the chromatographs and the SP-D concentrations 

from the ELISA show greater concentrations of protein in the ManNAc 

compared to the maltose fractions. In the ManNAc chromatogram a small peak 

is observed following the elution of the main peak. However, this peak 

contained only minimal SP-D amounts as determined by ELISA and therefore 

was not further analysed in this experiment. The purity of the 1.7mDa peak 

from the two preparations were characterised by SDS PAGE using Simply blue 

and silver staining. The gels, shown in Figure 2.6A and B, show a main 49kDa 

band in both maltose and ManNAc purified nhSP-D consistent with the nhSP-D 

control. nhSP-A was not detectable in either preparation by Simply blue or 

silver staining. Western blots for nhSP-A and nhSP-D were used to confirm the 

49kDa band as SP-D and the presence of SP-A in the samples. The SP-D western 

blot, shown in Figure 2.6C shows that the 49kDa band is nhSP-D, a higher band 

at ~96kDa is also visible constant with dimeric SP-D. In the SP-A western blot 

(Figure 2.6C) faint bands corresponding to the molecular weights of the SP-A 

monomer (36kDa) and dimer (56kDa) can be observed in both maltose and 

ManNAc preparations. There was a similar amount of SP-A detected by 

western blots between these preparations. Table 2.2 shows that ManNAc 

purified nhSP-D resulted in a higher yield and lower endotoxin concentrations 

than in the maltose purified SP-D. Therefore, ManNAc purified SP-D was used 

in the cell studies. In order to determine the oligomeric form of the 1.7mDa 

peak, samples were subjected to transmission electron microscopy. Figure 2.7 

shows that this peak consists of both dodecamers and higher order oligomers.  

  



Chapter 2: Protein Purification 

52 

 

 Yield Endotoxin 

Maltose 100 µg >0.050 ng/µg 

ManNAc 400 µg 0.015 ng/µg 

Table 2.2: Comparison of SP-D yield and endotoxin concentrations between 

ManNAc and Maltose purifications 

 

 

Figure 2.5: SP-D purification by Maltose and ManNAc affinity 

chromatography. Chromatograms from Superose 6 (120mL) gel filtration of A. Maltose and 

B. ManNAc purified lavage fluid. Concentrations of SP-D from Superose 6 fractions of C. 

Maltose and D. ManNAc purified lavage fluid. Note different scales between Maltose and 

ManNAc chromatograms. Purification and characterisation of nhSP-D conducted by Zofi 

McKenzie and Alastair Watson.    
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Figure 2.6: SP-D (1.7mDa) Purification by Maltose (Mal) and ManNAc (Man). 
A. Simply blue; B. Silver stain and western blots for C. SP-A western blots and D. SP-D western 

blots. All samples were analysed under reducing conditions. Purification and characterisation 

of nhSP-D conducted by Zofi McKenzie and Alastair Watson.     
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Figure 2.7: Transmission electron micrographs of 1.7mDa nhSP-D: A. 

Multimeric SP-D and B. Dodecameric SP-D following negative staining using uranyl acetate. 

Scale bars represent 200nm. Purification and characterisation of nhSP-D conducted by Zofi 

McKenzie and Alastair Watson.     

 Discussion  2.4.

Pulmonary alveolar proteinosis (PAP) is a disorder characterised by the 

excess accumulation of surfactant proteins and lipids within the alveolar air 

spaces resulting in a reduction in gaseous exchange [275]. PAP is a rare disorder 

with a prevalence of 0.1 per 100,000 people; more than 90% of PAP cases are 

classified as an autoimmune disorder with the presence of autoantibodies 

against granulocyte-macrophage colony-stimulating factor (GM-CSF). The 

increase in SP-A and SP-D concentrations in BALF between healthy and PAP 

subjects has been estimated to be 100 fold and 50 fold respectively [276]. In most 

instances, treatment for PAP is whole lung lavage, in the absence of which 

subjects with PAP can suffer from respiratory failure [277]. The therapeutic 

lavage from subjects with PAP was used in this study to purify surfactant 

proteins A and D for in vitro experimentation. The use of this lavage has a 

number of advantages including, having increased concentrations of surfactant 

proteins and the fact that as the subjects are undergoing lavage for therapeutic 

purposes the lavage would otherwise go to clinical waste. However, as far as 

the author is aware there have been no studies on the functional differences of 

SP-D between healthy subjects and those with PAP.  

A. B. 
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nhSP-D usually runs at 43kDa under reducing conditions in SDS PAGE 

[278]. However, in this study nhSP-D migrated at a molecular weight 

corresponding to around 49-50kDa. The identification of this protein as nhSP-D 

was confirmed using western blot analysis and by ELISA. In one study nhSP-D 

was reported to migrate at around 50kDa due to differences in the o-

glycosylation of the amino terminus. This change in glycosylation reportedly 

inhibited the formation of dodecamers or higher order multimers and was not 

eluted in the high molecular weight SP-D fraction following gel filtration [279]. 

As the SP-D characterised in the current study was eluted at high molecular 

weight (approximately 1.7mDa) and was shown to consist of multimeric SP-D 

by TEM it is more likely that the difference in the monomeric molecular weight 

of nhSP-D is due to differences in the SDS PAGE buffer system. This is 

supported by the migration of nhSP-D at around 49-50kDa in studies using a 

similar experimental setup (i.e. MES buffer system or NuPAGE Bis-Tris gels) 

[122, 280].  

In this study the use of ManNAc and maltose affinity resins were 

compared and showed that ManNAc resulted in an increased yield and 

reduced endotoxin contamination compared to the maltose resin. Moreover, the 

purity of the SP-D as determined by silver staining and western blot were 

similar between these preparations. It was therefore decided to use the 

ManNAc purified SP-D in cell studies. The differences in the yield and 

endotoxin content may be due to the age of the affinity resins; however, this 

would have to be investigated further. An additional peak at approximately 

800kDa is observed following ManNAc purification. This is likely due to the 

higher affinity of SP-D to ManNAc as compared to maltose [41]. In previous 

studies the purification of nhSP-D from amniotic fluid showed two peaks by gel 

filtration, one eluting close to blue dextran (2mDa) and the second slightly 

before thyroglobulin (670kDa). These peaks consisted of multimers and 
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dodecamers in the first peak and mainly of trimeric subunits in the second peak 

as shown by atomic force microscopy [64, 281]. Therefore, the peaks in the 

current study are likely to consist of these oligomeric SP-D forms. Both SP-A 

and SP-D have a high affinity to the ManNAc and maltose resins. Therefore, the 

co-extraction of SP-A at this step is not surprising. However, the co-elution of 

SP-A and SP-D at the same molecular weight using gel filtration was 

unexpected. This may be due to the difficulties in separating high molecular 

weight proteins with a high resolution. SP-A was purified using a lipid 

extraction method and resulted in no SP-D being detected in the SP-A 

preparation by western blot. This is due to the majority of the SP-D in BAL 

being retained in the supernatant following the first centrifugation step.  

Respiratory distress syndrome (RDS) is the most prevalent pulmonary 

condition in premature neonates with 40% of infants born at 30 week gestation 

being diagnosed with this condition [282]. One of the predominant features of 

RDS is a deficiency of pulmonary surfactant; surfactant replacement therapy is 

the gold standard of treatment and results in reduced mortality [283]. 

Surfactant replacement therapy consists of either natural surfactant from 

porcine or bovine origin or synthetic surfactant. Natural surfactant is usually 

preferred as it contains surfactant proteins B and C and shows improved 

outcomes and survival in neonates with RDS compared to their synthetic 

counterparts [284-286]. Synthetic surfactant initially did not contain these 

surfactant proteins; however, recent improvements in their formulations have 

shown that the addition of SP-B and SP-C may improve their efficacy [287]. At 

present, SP-A and SP-D are absent from both natural and synthetic surfactant 

replacement therapies as these proteins are removed in the isolation and 

purification of natural surfactant due to their hydrophilic properties. Due to 

their now well established roles in innate immunity and controlling lung 

inflammation it has been hypothesised that surfactant replacement could be 
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improved with the addition of these natural surfactant components [288]. 

Moreover, exogenous SP-A or SP-D could be used as a therapeutic agent to 

combat other respiratory conditions and infections. For therapeutic purposes, a 

recombinant fragment is preferable to isolating natural collectins for a number 

of reasons. Firstly, the amount of protein that can be isolated is a principle 

disadvantage in using natural collectins. Secondly, the formulation of natural 

collectins is not consistent enough for therapeutic use. In this chapter a 

recombinant fragment of SP-D was expressed in E. coli and purified using 

affinity chromatography and gel filtration as described previously [270]. The 

benefits of E. coli as an expression system are that the protein can be expressed 

in large quantities and produces a consistent formulation which would be 

required for therapeutic purposes. However, full length SP-D cannot be 

expressed in this system as bacteria are unable to process the hydroxyproline 

required for the stabilisation of the collagen triple helix. Therefore, a fragment 

of SP-D containing a truncated collagenous domain with eight glycine-X-Y 

triplets was used in the current study. This rfhSP-D has been shown to partially 

correct the emphysema like phenotype of SP-D deficient mice [134]. It has also 

been shown to down regulate the allergic response to common house dust mite 

and Aspergillus fumigatus allergens in sensitised mice [289, 290]. The purpose of 

purifying this protein was firstly to study the effect of rfhSP-D in a number of in 

vitro assays and secondly to examine the effect of rfhSP-D binding to 

nanoparticles on particle uptake and protein function.  
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:  Nanoparticle Interaction with SP-A and SP-D Chapter 3

 Introduction  3.1.

Nanoparticles have previously been reported to interact with components of 

pulmonary surfactant and this interaction has been reported to alter 

nanoparticle uptake in vitro [265, 267, 291]. In this chapter the association of SP-

A, SP-D and rfhSP-D with polystyrene nanoparticles with different surface 

modifications was investigated. Furthermore, the effect of this interaction on 

particle aggregation and uptake into macrophages was investigated.  

 Methods 3.2.

 Particles  3.2.1.

Fluoresbrite carboxylate modified and unmodified 100nm and 200nm 

polystyrene (PS) particles were purchased from Polysciences (Park Scientific, 

Northampton, UK). Fluorescent red 200nm amine particles were purchased 

from Invitrogen (Paisley, UK) and fluorescent orange 100nm amino particles 

were purchased from Sigma (Poole, UK). 3µm particles (amine and 

unmodified) were purchased from Polysciences (Park Scientific, UK). The term 

“unmodified” particle refers to non-functionalised polystyrene particles. The 

surface area concentration was determined by calculating the surface area of 

each particle (see Equation 1) and the number of particles per mL (see Equation 

2) as recommended by the manufacturers;  

Surface area (cm2) = 4 x π x radius2 (cm)    

Equation 1 

 

http://www.polysciences.com/Catalog/Department/81/categoryId__342/
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Particle Number /mL= (6 x concentration (g/mL) x1012) / density of polymer x π x diameter3 

Equation 2 

 Nanoparticle Characterisation 3.2.2.

 Dynamic Light Scatter (DLS) 3.2.2.1

The hydrodynamic diameter and zeta potential of the 100nm polystyrene 

particles in calcium/magnesium free PBS was determined using a Zetasizer 

Nano ZS (Malvern, UK). Each measurement was taken in triplicate. The effect 

of proteins on size distribution were investigated in TBS with 5mM CaCl2 or 

5mM ethylenediaminetetraacetic acid (EDTA).   

 Proteins 3.2.3.

nhSP-A, nhSP-D and rfhSP-D were purified as described in Chapter 2. In 

this chapter nhSP-D refers to the 1.7mDa SP-D oligomer. Bovine serum albumin 

(BSA, Sigma, UK) was used as a negative control in the cell uptake experiments. 

A concentrated stock of 2mg/mL BSA was prepared in PBS (PAA laboratories, 

UK) and sterile filtered using a 0.22µm syringe filter before use.  

 Protein adsorption to particles 3.2.4.

Various concentrations of nanoparticles of different sizes were incubated 

with rfhSP-D (10µg/mL; unless otherwise stated) in low bind tubes (Eppendorf, 

Fisher Scientific, Loughborough, UK). Particle-protein suspensions were rotated 

for different time points and at different temperatures as indicated in the text. 

In order to investigate the role of calcium in the absorption of rfhSP-D to 

nanoparticles, experiments were conducted either in calcium and magnesium 

containing PBS or calcium/magnesium free PBS (PAA, Yeovil, UK) containing 

5mM EDTA as indicated in the text. Following incubation, samples were 
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washed three times in the same buffer in which they were incubated. Wash 

steps were conducted by centrifuging the solution at 18,000g for 30 minutes, 

removing the supernatant and then re-suspending the pellet. Tubes containing 

10µg/mL of rfhSP-D in PBS were prepared per experiment and were washed as 

per samples; these tubes are referred to as “washed tubes”. Pellets were 

transferred to new tubes after the first and last wash. The absorption of nhSP-A 

and nhSP-D to A-PS, C-PS and U-PS was also examined in tris buffered saline 

(20mM Tris, 150mM sodium chloride, pH7.4) containing 5mM CaCl2 or 5mM 

EDTA. These samples were incubated at 37°C for 24 hours then washed as 

described above. Samples were analysed by SDS PAGE as described in Chapter 

2. Non-reduced samples were run by substituting the reducing agent for milliQ 

water. For the pH experiments, the pH of PBS containing 5mM EDTA was 

adjusted using sodium hydroxide/hydrogen chloride.  

 Spectrophotometry 3.2.5.

The turbidity of particle-protein suspensions was analysed by measuring 

the percent transmittance of NP-SP-A solutions at 350nm using a 

spectrophotometer. Non-fluorescent A-PS, C-PS and U-PS 100nm particles 

(Polysciences, UK) were prepared in TBS with 5mM CaCl2 or 5mM EDTA at a 

concentration of 10cm2/mL. nhSP-A (5µg/mL) was added to the particle 

suspensions, the samples gently agitated and then the transmittance recorded at 

5 second intervals for 10 minutes.    

 Transmission Electron Microscopy (TEM) 3.2.6.

Particles (50cm2/mL) were incubated whilst rotating with rfhSP-D 

(10µg/mL) for 2 hours at room temperature. Aliquots (5µL) were then placed on 

formvar-carbon coated TEM grids and after 1 minute the fluid was gently 

blotted off using tissue paper. The particles were then negatively stained using 
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ammonium molybdate (10 seconds) and analysed using a Technai12 

Transmission Electron Microscope (FEI, Eindhoven, The Netherlands).   

 Cell culture 3.2.7.

A549 cells were grown in Roswell Park Memorial Institute 1640 (RPMI-

1640) medium supplemented with 10% foetal bovine serum (FBS; Sigma, UK), 

100units/mL penicillin and 100µg/mL streptomycin (complete RPMI). Cells 

were routinely sub-cultured every 2-3 days using 0.25% trypsin and 0.038% 

EDTA. RAW264.7 cells were cultured in RPMI -1640 containing 10% heat 

inactivated FBS, 100units/mL penicillin and 100µg/mL streptomycin. and were 

sub cultured every 1-2 days using a cell scraper (Fisher Scientific, UK). Cell 

culture materials were purchased from Invitrogen (Paisley, UK) unless 

otherwise stated. 

 Immunofluorescent co-localisation assay for rfhSP-D  3.2.8.

A549 cells (4x105) were plated in 24 well plates in complete RPMI and 

incubated overnight at 37°C 5% CO2. The cells were washed and then incubated 

for 1 hour in SF medium containing 0, 1, 5, 10, or 25cm2/mL of 200nm particles 

and 0, 1, 5, and 10µg/mL rfhSP-D. The particle solution was then removed; the 

cells washed three times in PBS and fixed for 1 hour in 1% formaldehyde. The 

cell membranes were permeabilised using 0.3% triton X-100 (TrPBS, Sigma, UK) 

in PBS before incubation for 1 hour at RT with a rabbit anti-rfhSP-D antibody 

(1.61µg/mL) in TrPBS and then for a further hour with an anti-rabbit IgG 

secondary antibody (667ng/mL in TrPBS) coupled to Alexa488 fluorophore. 4',6-

diamidino-2-phenylindole (DAPI) was used as a DNA counter stain. Cells were 

visualised using a fluorescent microscope with fluorescein isothiocyanates 

(FITC), rhodamine and UV filters.  
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 Flow cytometry 3.2.9.

 NP uptake in RAW264.7 cells 3.2.9.1

Aliquots of 100nm A-PS or U-PS particles (10µl/well) were mixed with 

proteins (10µl/well) at 5 times the final concentration in TBS containing 5mM 

calcium for 1 hour at 37°C in 96 well round bottom plates. RAW264.7 cells were 

washed three times in SF RPMI and dissociated from culture flasks using a cell 

scraper. Cells were suspended in SF RPMI at a concentration of 1.67x106 

cells/mL and 30µl aliquots were added to each well yielding a final particle 

concentration of 3.75cm2/mL. The cells were incubated for 1 hour at 37°C in a 

humidified atmosphere. The cells were washed once in 1mL PBS and 

centrifuged at 400g for 10 minutes to remove excess particles. The cells were 

resuspended in 40µl PBS and kept on ice prior to analysis. Trypan blue was 

added to the cells immediately before the analysis of 5000 cells per sample 

using flow cytometry (BD FACS Aria).     

 NP uptake in alveolar macrophages 3.2.9.2

Fluorescent amine modified (Sigma) or fluorescent unmodified 

polystyrene (Polysciences) nanoparticles with a nominal size of 100nm were 

used to determine nanoparticle uptake in alveolar macrophages. Alveolar 

macrophages were isolated from C57/B6 wild type, SP-A deficient and SP-D 

deficient mice as described previously [291]. Alveolar macrophages were 

isolated with the assistance of Dr Jens Madsen and Dr R. Mackay. NP (0.2cm2) 

were pre-incubated for 90 minutes at 37°C, 5% CO2 with 0.5µg nhSP-A in Tris 

buffered saline containing 5mM calcium (pH7.4). Alveolar macrophages 

(17,000/sample) in serum free phenol red free RPMI (Invitrogen) were added to 

the SP-A/NP preparation and incubated for a further 90 minutes at 37°C, 5% 

CO2. Cells were washed with PBS with 1% BSA and 5mM EDTA (FACs buffer) 

and centrifuged at 400g for 10 minutes to remove excess particles. The cells 
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were then re-suspended in FACS buffer and kept on ice to prevent further 

phagocytosis. Trypan blue (0.4%; Sigma, UK) was added immediately before 

analysis to quench the fluorescence of extracellular NP. The cells were analysed 

(5000/sample) using flow cytometry (BD FACS Aria). Viability of AM following 

A-PS treatment was determined to be >90% using a trypan blue exclusion assay.  

 MTT assay 3.2.10.

The MTT assay was based on a previously described protocol [292]. 

RAW264.7 cells were plated at a density of 1.5x104 cells per well in a Nunclon 

96 well plate (Fisher, UK) and incubated for 24 hours. The cells were then 

washed twice in SF RPMI. A-PS and U-PS (100nm) particles were prepared in 

TBS with 5mM calcium at 2.5 times the final concentration. The particles were 

then diluted in SF RPMI to the final concentration and the particle solution was 

added to the cells. The cells were then incubated for 1 or 24 hours at 37°C and 

5% CO2 in a humidified atmosphere. MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 

diphenyl tetrazolium bromide; Sigma, UK) solution was prepared by dissolving 

the tetrazolium salt in PBS to a concentration of 0.5mg/mL  and passing through 

a 0.22µm sterile filter. The culture supernatant was removed and replaced with 

50µl MTT solution and incubated for 4 hours at 37°C. Following this incubation 

the MTT solution was carefully removed and acidified isopropanol (0.1M 

hydrochloric acid in isopropanol) added to the cells. The plates were sealed 

with parafilm, gently agitated and incubated for at least an hour in the dark. 

The samples were then transferred to eppendorf tubes and centrifuged at 

14,000g for 20 minutes as described previously [243]. Following centrifugation 

the samples were placed in a fresh 96 well plate and the absorbance read at 

570nm using Molecular Devices SpectraMax 340pc plate reader. 
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 Clonogenic assay 3.2.11.

RAW264.7 cells were plated at a density of 500 cells per well in a Nunclon 

6 well plate (Fisher Scientific, UK) in 3mL of growth medium. The cells were 

incubated for 24 hours at 37°C and 5% CO2 in a humidified atmosphere. 

Particles were prepared as described in section 3.2.10 and incubated with the 

cells for 24 hours. The particles were gently removed and replaced with 3mL 

fresh growth medium. The cells were then incubated undisturbed for 7 days at 

37°C 5% CO2. The medium was then removed, replaced with crystal violet 

staining solution (0.13% crystal violet, 5% formaldehyde, 5% ethanol in PBS) 

and incubated for 20 minutes in the dark. This solution was removed and 

excess stain was washed away with water. Colonies containing >50 cells were 

counted and the number of colonies in each treatment was normalised to the 

particle free control.   

 Results 3.3.

 Nanoparticle characterisation in PBS 3.3.1.

 Dynamic Light Scatter 3.3.1.1

The hydrodynamic diameter and zeta potential of the 100nm polystyrene 

particles was determined using dynamic light scattering (DLS) analysis (see 

Table 3.1). The results show that the diameter of the particles determined by 

DLS concurred with those reported by the manufacturer. The three 100nm 

polystyrene types were monodisperse in calcium free PBS. The carboxyl 

modified (C-PS) and unmodified (U-PS) particles both have one strong peak 

with z averages of 102.7nm and 116.2nm respectively; these peaks had narrow 

widths and low polydispersity indices (PDI) which are good indicators of a 

monodispersed sample. The zeta potential of both of these particles were also 
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highly negative which is indicative of non-aggregating particles. The amine 

modified polystyrene (A-PS) particles had a z average of 109.9nm and a positive 

zeta potential of 36.8mV; the width of the peak was broader and its subsequent 

intensity was less than the C-PS and U-PS particles. The PDI of the A-PS 

particles was also greater and their zeta potential was closer to zero than the 

other types of particles; however, the PDI of the A-PS particles was still within 

acceptable limits (<0.2) for monodispersed sample measurements. The results 

for the A-PS particles indicate that they are monodispersed but may have a 

greater propensity to aggregate than the C-PS or U-PS 100nm particles.   

 

 

Particle Nominal 

size 

Reported 

size§ 

Z average*  

(nm) 

PDI* ZP* 

(mV) 

U- PS 100nm 111nm 
116.2 

(±0.5508) 

0.012 

(±0.005) 

-74.7  

(±3.77) 

C-PS 100nm 114nm 
102.7 

(±1.323) 

0.006 

(±0.004) 

-69.6  

(±6.76) 

A-PS 100nm 100nm 
109.9 

(±4.813) 

0.121 

(±0.009) 

+36.8 

(±1.17) 

 

Table 3.1. Characteristics of 100nm polystyrene particles 
Abbreviations; PDI polydispersity index; ZP zeta potential; PS polystyrene 

*Data represents mean (±standard deviation) of 3 measurements determined by 

DLS in PBS 

§ diameter reported by manufacturer 
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 Protein-Particle Interaction 3.3.2.

 rfhSP-D interaction with NP 3.3.2.1

 

Figure 3.1. Effect of calcium on the adsorption of rfhSP-D to 3µm PS 

particles. Reduced SDS PAGE gels of A-PS and U-PS particles incubated with 5µg/mL rfhSP-

D in the presence of A. EDTA and B. Calcium for 24 hours at 37°C. Lanes in A. represent 1. 

Molecular weight marker; 2. Blank; 3. Washed tube; 4. 1cm2/mL U-PS; 5. 5cm2/mL U-PS; 6. 

10cm2/mL U-PS; 7. 1cm2/mL A-PS; 8. 5cm2/mL A-PS; 9. 10cm2/mL A-PS; 10. 1µg rfhSP-D. Lanes 

in B. represent 1. Molecular weight marker; 2. Washed tube; 3. 1cm2/mL U-PS; 4. 5cm2/mL U-PS; 

5. 10cm2/mL U-PS; 6. 1cm2/mL A-PS; 7. 5cm2/mL A-PS; 8. 10cm2/mL A-PS; 9. blank; 10. 1µg 

rfhSP-D     

 

The first experiments that were carried out to investigate the interaction 

between rfhSP-D and particles showed that a significant amount of protein 

bound to the tube and rendered the results invalid (data not shown). The 

experimental protocol was adapted first through removing the pellet after each 

wash step into a clean tube and finally by using a low bind tube. In order to 

investigate whether the interaction of rfhSP-D with particles was mediated 

through calcium dependent binding of the CRD 3µm particles were incubated 

with rfhSP-D in the presence of calcium or EDTA. Figure 3.1 shows that similar 

levels of rfhSP-D adsorbs to 3µm PS particles in the presence or absence of 

calcium; this indicates that this is a calcium independent interaction and 

suggests that the protein-particle interaction is electrostatic. The amount of 

rfhSP-D binding to both 3µm A-PS and U-PS particles was dependent on the 

concentration of particles added, minimal absorption occurred at 1cm2/mL. 
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Figure 3.2. pH dependency of rfhSP-D association with PS particles; Reduced 

SDS PAGE gels of rfhSP-D (5µg/mL) association with 3µm PS particles (5cm2/mL) incubated in 

PBS at varying pH for 24 hours at 37°C. A. Controls (rfhSP-D incubated without particles); B. 

Strataclean; C. A-PS; D. U-PS. Each gel contains internal standard lanes of molecular weight 

markers (MWM) and 5µg rfhSP-D; Note that the pellet was lost on the pH4 strataclean gel.  

In order to investigate the electrostatic potential of this interaction A-PS and 

U-PS 3µm PS particles were incubated with rfhSP-D in buffers adjusted to pHs 

between 3 and 10.  Strataclean, a slurry of hydroxylated silica particles used to 

concentrate proteins in solution was used as a control. Figure 3.2 shows that 

decreasing the pH increases the amount of rfhSP-D associated with A-PS 

particles and strataclean. At pHs above 8 there is little/no rfhSP-D associating 

with A-PS particles. Maximal association of rfhSP-D with 3 µm A-PS particles 
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occurred at pH4. The U-PS particles show little or no association at pH7 but at 

both higher and lower pH small amounts of protein association is evident. 

Control samples were run in parallel to these experiments by incubating rfhSP-

D in the absence of particles under the same conditions. These show small 

amounts of two high molecular weight proteins in the pH10 treatment.   

The adsorption of rfhSP-D onto smaller particles was then investigated. A 

preliminary experiment using 100-1000nm COOH particles showed that the 

protocol used for the 3µm particles needed to be developed further to 

investigate particles with diameters of less than 500nm; the centrifugal force 

used to pellet the larger particles proved insufficient to remove these micro- 

and nanoparticles from solution (data not shown).   

 

 

 

 

 

 

 

 

 

Figure 3.3. Calcium dependent binding of rfhSP-D to 100nm. Reduced SDS PAGE 

of adsorption of 100nm polystyrene particles (50cm2/mL) to rfhSP-D (10µg/mL). 1. Molecular 

weight marker; 2. No Particles (Ca); 3.No Particles (EDTA) 4. A-PS (Ca); 5. A-PS (EDTA); 6. C-

PS (Ca); 7. C-PS (EDTA); 8. U-PS (Ca); 9. U-PS (EDTA); 10. Blank; 11. 5µg rfhSP-D; 12. Blank  

 

  



Chapter 3: NP interaction with SP-A and SP-D 

70 

 

Figure 3.4. pH dependency of the adsorption of rfhSP-D to 100nm 

polystyrene particles. Reduced SDS gels of rfhSP-D (10µg/mL) adsorbed to 50cm2/mL of A. 

U-PS; B. C-PS and C. A-PS 100nm polystyrene particles in PBS containing 5mM EDTA adjusted 

to pH1-13 (1 hour at RT). Each gel contains internal control lanes of molecular weight markers 

(MWM), 5µg rfhSP-D and 25cm2 of respective particles (PS).   
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After optimisation the effect of calcium and pH on rfhSP-D adsorption to 

100nm particles was investigated. Figure 3.3 shows that rfhSP-D adsorption to 

100nm U-PS, C-PS and A-PS particles occurs in the absence of calcium. In fact, 

in all three cases adsorption of rfhSP-D was slightly enhanced in the presence of 

EDTA. The effect of pH on the adsorption of rfhSP-D to these 100nm particles 

was also assessed. The results show that optimal adsorption of rfhSP-D to U-PS 

or C-PS particles occurs between pH1 and 5 (Figure 3.4A and B). In contrast 

optimum adsorption occurred between pH6 and 10 for the A-PS 100nm 

particles. The pH adsorption profiles for the 100nm particles correlate with their 

zeta potentials (see Table 3.1). 

TEM has also been used to identify rfhSP-D association with 

nanoparticles. U-PS 100nm polystyrene particles were incubated in the presence 

or absence of rfhSP-D and these samples were analysed by TEM. The 

micrographs, shown in Figure 3.5, show a corona around the particles 

incubated with rfhSP-D. This corona appears to double the size of the particle 

which suggests that the rfhSP-D may be forming multiple layers around the 

particle.  

 

Figure 3.5. TEM micrographs of 100nm U-PS polystyrene particles (50cm²/mL) 

in the absence (A) or presence of rfhSP-D (10µg/mL) in PBS containing 5mM 

EDTA (2 hours at RT). Scale bar represents 100nm. 

  

A B 
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Reduced SDS PAGE of rfhSP-D incubated with 200nm particles (24 

hours) resulted in the formation of bands corresponding to the monomeric, 

dimeric and trimeric forms of rfhSP-D at around 20, 40 and 60kDa respectively. 

Moreover, bands representing proteins with a higher molecular mass were also 

evident (see Figure 3.6). These bands were not present in the control samples 

(Lane 2 and 10) or with particles alone (data not shown). This suggests that the 

particles cause a fundamental change in the structure of the protein leading to 

the formation of higher order oligomers. This interaction was investigated 

further by incubating these 200nm particles for different lengths of time and 

resolving this interaction with both reduced and non-reduced SDS PAGE 

(Figure 3.7). The 200nm A-PS particles consistently associated with less rfhSP-D 

than either U-PS or C-PS particles at each time point. The intensity of the 

monomeric band was relatively stable between time points; this indicates that 

the interaction is a rapid process with the particles reaching maximal protein 

saturation within 1 minute and lasting up to 19 days (4°C). The higher order 

oligomers were less evident on the earliest time point and these bands increased 

in intensity in a time dependent manner. This indicates that the formation of the 

oligomers occurs after protein-particle association.   

 

Figure 3.6. Absorption of rfhSP-D to 200nm PS: Particle association with rfhSP-D 

after incubation at 37°C. Reduced 12% Bis-Tris SDS PAGE gel. Lanes numbers represent 1. 

Molecular weight marker; 2. Washed tube; 3. 25cm2/mL A-PS; 4. 50cm2/mL A-PS; 5. 100cm2/mL 

A-PS; 6. 25cm2/mL C-PS; 7. 50cm2/mL C-PS; 8. 100cm2/mL C-PS; 9. Blank; 10. 5µg rfhSP-D. 
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Figure 3.7. Time dependency of the absorption of rfhSP-D to 200nm PS: 
Particle association with rfhSP-D (10µg/mL) after A. less than 1 minute; and B. 19 days at 4°C. 

12% Bis-Tris SDS PAGE gels were run under reducing (left) and non-reducing (right) 

conditions. Note the differences in loading order. Lanes numbers. represent 1. Molecular weight 

marker; 2. Washed tube; 3. 25cm2/mL A-PS; 4. 50cm2/mL A-PS; 5. 25cm2/mL C-PS; 6. 50cm2/mL 

C-PS; 7. 25cm2/mL U-PS; 8. 50m2/mL U-PS; 9. Strataclean 10. 5µg rfhSP-D.  

 Co-localisation of rfhSP-D and particles in A549 cells 3.3.2.1.1.

The immunofluorescent co-localisation assay was used to determine 

whether rfhSP-D co-localises with particles in the epithelial A549 cell. A549 cells 

were originally derived from a lung carcinoma [293] and are often used as a 

model for type II alveolar epithelial cells to study the impact of particles on 

pulmonary epithelial cells [294-296]. Interestingly, rfhSP-D could not be 

detected in the cells when the 200nm A-PS particles were not present and 

increases in the concentration of particles resulted in dose dependent increases 

A 
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in the amount of rfhSP-D observed (see Figure 3.8). Moreover, based on these 

immunofluorescent pictures, there also appeared to be increases in the amount 

of particles associating with the cells with increasing concentrations of rfhSP-D. 

This was particularly evident in the highest studied concentration of both 

particle and protein (25cm2/mL and 10µg/mL respectively). There was no 

unspecific binding of the secondary antibody to the cells, protein or particles 

(data not shown). The distinct areas of particles within the cells in the 

fluorescent micrographs indicate that the fluorescent dye has remained 

encapsulated within the particles.  

 

Figure 3.8. Immunofluorescent co-localisation of rfhSP-D and 200nm 

particles with A549 cells; A549 cells treated with 0, 10 or 25cm2/mL of 200nm A-PS 

particles (red) in the presence or absence of 10µg/mL rfhSP-D (green). Fluorescent images 

represent overlay of UV, rhodamine and FITC images taken at x200 magnification. Reproduced 

with permission from [291] (Licence number: 3235320787551).   
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 Native SP-A and SP-D absorption to NP 3.3.2.2

The absorption of nhSP-A and nhSP-D to 100nm A-PS, C-PS and U-PS 

were also studied. Particles were incubated with 5µg/mL of either protein in 

TBS with 5mM calcium or 5mM EDTA then washed three times in the relevant 

buffer. The results, presented in Figure 3.9A, show that nhSP-A associates more 

strongly with the C-PS and U-PS particles compared to the A-PS particles. 

Moreover, in each of these particles the presence of calcium enhances the 

amount of protein recovered (better retrieval due to aggregation?). The amount 

of nhSP-A recovered from the A-PS particles was only slightly increased 

compared to the background control.  Figure 3.9B shows that SP-D associates 

most strongly with each particle type in the presence of EDTA rather than 

calcium. nhSP-D associated with U-PS >C-PS >A-PS. In the presence of EDTA 

bands at 62kDa and 100kDa are apparent which are not evident in the other 

treatments.   
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Figure 3.9. Native Surfactant Protein absorption to 100nm NP; Absorption of 

5µg/mL A. nhSP-A and B. nhSP-D to 10cm2/mL 100nm particles for 24 hours in TBS 

containing 5mM calcium (Ca) or 5mM EDTA (EDTA). SP-A/D denotes positive control of 5µg 

of respective protein. Calcium and EDTA “control” samples represent protein incubation in 

the absence of added nanoparticles.  

SP-A Ca EDTA Ca EDTA Ca EDTA Ca EDTA 
Control A-PS C-PS U-PS 

188 

98 

62 

49 

38 

28 

14 

6 

3 

SP-D Ca EDTA Ca EDTA Ca EDTA Ca EDTA 
Control A-PS C-PS U-PS 

188 

98 

62 

49 

38 

28 

14 

6 

3 
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 Characterisation of NP and protein aggregation  3.3.3.

The ability of SP-A, SP-D and rfhSP-D to aggregate the U-PS particles 

was evaluated using DLS. The results show that the incubation of U-PS 

particles with SP-A results in a rapid and large increase in the Z average of the 

particles in the presence of calcium (see Figure 3.10A). This increase continued 

up to the 1 hour measurement time studied where a 13.5 fold increase in 

particle size was observed. In the presence of EDTA rather than calcium the size 

distribution increased by 14.8% over the same period. The incubation of U-PS 

with SP-D in the presence of calcium also resulted in an increase in the Z 

average of the particles (see Figure 3.10B). This 51.4% increase was much less 

pronounced than the change induced by SP-A in the presence of calcium. In the 

presence of EDTA, SP-D increased U-PS particle size by 11.6%. The incubation 

of U-PS particles with rfhSP-D resulted in a gradual increase in particle size 

over 1 hour this culminated in a 3% increase in EDTA and 5.5% increase in 

calcium over the hour (see Figure 3.10C). The incubation of U-PS with BSA also 

resulted in small 3.7% and 4.9% increases in particle size in TBS with EDTA and 

calcium respectively over 1 hour (see Figure 3.10D). In the presence of calcium 

the degree of change following protein incubation was SP-A>SP-D>rfhSP-

D>BSA. C-PS particles showed a similar propensity to aggregate in a calcium 

enhanced fashion when incubated with SP-A (data not shown).  

The ability of these proteins to alter A-PS particle size in the presence of 

calcium was also evaluated using DLS (see Figure 3.11). The incubation of A-PS 

with SP-A resulted in a rapid increase in the size distribution. This increase 

stabilised at around 10 minutes with 2.2 fold increase in particle size. SP-D also 

resulted in an increase of A-PS particle size which although was initially more 

gradual than the increase induced by SP-A culminated in a greater 2.9 fold 

increase at 1 hour.  
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Figure 3.10. Effect of proteins on the size of 100nm U-PS over time in TBS 

with 5mM Ca or 5mM EDTA. SP-A data representative from three similar experiments. 

BSA and rfhSP-D data representative data from two similar experiments. SP-D data from one 

experiment.  
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Figure 3.11. Effect of proteins on A-PS size distribution in TBS with 5mM 

calcium.  SP-A data representative from three similar experiments. SP-D and rfhSP-D data 

representative data from two similar experiments.  

The particle sizes of A-PS and U-PS particles following incubation with 

SP-A in water with and without 5mM Ca2+ was also determined by DLS (see 

Table 3.2). The incubation of 100nm A-PS particles with SP-A for 24 hours 

resulted in a 49.1% increase in particle size in the absence of calcium but a 

4.1fold increase in the presence of calcium. The incubation of U-PS particles 

with SP-A resulted in a 5.7 fold increase in particle size after 24 hours in calcium 

but only a 1% increase in the absence of calcium.  
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Table 3.2. Size of particles (2.5cm2/mL) before and after mixing with 10g/mL 

nhSP-A in milliQ water with or without 5mM calcium, d = (d(t)/d(t=0)).   

The percent transmittance at 350nm was also measured immediately 

following the addition of SP-A to A-PS, C-PS and U-PS suspensions. The 

relative transmittance at this wavelength has previously been used to measure 

the surfactant protein mediated aggregation of viral particles such as IAV. A 

reduction of the relative transmittance at this wavelength was consistent with 

enhanced aggregation/turbidity of the surfactant protein/IAV suspensions  

[297]. It was therefore used to assess the aggregation of NP in TBS with Ca2+ or 

EDTA following the addition of SP-A. Importantly, unlike with DLS the relative 

transmittance did not change following the addition of SP-A to either Calcium 

or EDTA containing buffers (see Figure 3.12A). In calcium and EDTA buffers 

the addition of SP-A to A-PS resulted in a small reduction in the relative 

transmittance of approximately 2.5% (see Figure 3.12B). The degree of C-PS and 

U-PS aggregation was greatest in calcium containing rather than EDTA buffers; 

 

Size (nm) 

No calcium 5mM Ca2+ 

NP d2(nm) Δd(%) d2(nm) Δd(%) 

A-PS 

A-PS + SP-A 

100.6 

150.0 

 

49.1 

96.0 

389.3 
405.5 

U-PS 

U-PS + SP-A 

120.8 

122.0 

 

1.0 

117.3 

674.1 
574.7 
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although a reduction of transmittance was observed for both C-PS and U-PS in 

TBS with EDTA following the addition of SP-A. The degree of SP-A induced 

aggregation in the presence of calcium was greatest for the U-PS particles 

followed by C-PS then A-PS particles. In order to determine whether SP-A was 

associating with the A-PS particles the zeta potential of A-PS particles was 

measured in TBS with calcium before and after the addition of SP-A. The 

results, in Table 3.3, show that the positively charged A-PS particles adopt a 

negative zeta potential following incubation with SP-A. Similar results were 

observed following the addition of SP-A to A-PS particles in milliQ water with 

or without 5mM CaCl2 (data not shown). Interestingly, A-PS in TBS with 

calcium also adopt a slight negative charge immediately following the addition 

of BSA.  
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Figure 3.12. Turbidity of NP and SP-A in TBS with Calcium or EDTA. 

Spectrophotometry of NP and SP-A preparations measured at OD350nm; Data representative of 

three similar independent experiments using non-fluorescent particles.  

 

0.8

0.85

0.9

0.95

1

1.05

0 100 200 300 400 500 600R
e

la
ti

ce
 %

 T
ra

n
sm

is
si

o
n

 

Time (secs) 

A.  Calcium
EDTA

SP-A Control 

0.8

0.85

0.9

0.95

1

1.05

0 100 200 300 400 500 600

R
e

la
ti

ce
 %

 T
ra

n
sm

is
si

o
n

 

Time (secs) 

B. Calcium
EDTA

A-PS and SP-A 

0.8

0.85

0.9

0.95

1

1.05

0 100 200 300 400 500 600R
e

la
ti

ce
 %

 T
ra

n
sm

is
si

o
n

 

Time (secs) 

C. Calcium
EDTA

C-PS and SP-A 

0.8

0.85

0.9

0.95

1

1.05

0 100 200 300 400 500 600R
e

la
ti

ce
 %

 T
ra

n
sm

is
si

o
n

 

Time (secs) 

D. Calcium
EDTA

U-PS and SP-A 



 Chapter 3: NP interaction with SP-A and SP-D  

83  

 Zeta potential 

(mV) A-PS 20.4 

A-PS+SP-A -14.9 

A-PS+BSA -6.8 

Table 3.3: The zeta potential of A-PS particles following the addition of SP-A 

(5µg/mL) or BSA (5µg/mL) in TBS with 5mM calcium.    

 

In order to visualise SP-A induced particle aggregation fluorescent 

100nm U-PS particles were incubated for 1 hour at 37°C with SP-A in PBS with 

or without calcium then placed on microscopy slides and photomicrographs 

taken using a fluorescent microscope. The micrographs show that the U-PS 

particles remained stable either in the presence or absence of calcium (see 

Figure 3.13A and B). The incubation of U-PS particles with SP-A in the absence 

of calcium resulted in a small degree of particle aggregation (see Figure 3.13C); 

however, this aggregation was greatly enhanced in the presence of 2mM 

calcium and SP-A. Micrographs with U-PS and BSA showed similar dispersal to 

the U-PS alone (data not shown). Similar results were also observed for C-PS 

particles and SP-A or BSA with and without calcium and in TBS buffer with 

calcium or EDTA (data not shown).  

In order to visualise the effect of SP-A on A-PS aggregation, fluorescent 

100nm A-PS particles were incubated in TBS with calcium with and without SP-

A. These experiments were conducted at 37°C to mimic the physiological 

conditions of the in vitro experiments. The results showed that the A-PS 

particles underwent self-agglomeration in physiological conditions (Figure 

3.14A) and that the addition of SP-A inhibited this agglomeration (Figure 

3.14B). The addition of BSA did not appear to limit the self-agglomeration of A-

PS particles (data not shown).  
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 No Calcium 2mM Calcium 
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Figure 3.13. Aggregation of U-PS by nhSP-A is enhanced in the presence of 

calcium. The effect of SP-A (10µg/mL) in the presence and absence of calcium  (2mM) in PBS 

on the aggregation of 100nm U-PS particles (3.8cm2/mL) was evaluated using fluorescent 

microscopy. U-PS were incubated for 1 hour at 37°C before being mounted onto slides for 

microscopy. Pictures were taken at x400 magnification.  
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Figure 3.14: Effect of nhSP-A on the aggregation of A-PS particles; A-PS were 

incubated for 1 hour in TBS with 5mM calcium at 37°C before being mounted onto slides for 

microscopy. Pictures were taken at x400 magnification. 

 Effect of Surfactant Proteins on NP uptake 3.3.4.

 NP characterisation 3.3.4.1

 A-PS U-PS 

mQH2O 106.9 ± 2.3 120.8 ± 0.6 

TBS + 5 mM Ca 100.9 ± 0.6 123.9 ± 2.0 

SF RPMI 124.8 ± 8.0 123.9 ± 1.3 

Table 3.4: Size characterisation of A-PS and U-PS particles in different media. 
Data represents mean of 3 measurements ± Stdev taken at room temperature.  

The size measurements of A-PS and U-PS particles in milliQ water, TBS 

with calcium and SF RPMI at room temperature are shown in Table 3.4. The 

results show that the size distribution of U-PS particles increase slightly in both 

TBS and SF RPMI buffers compared to in water which may be due to ions 

surrounding the particle and thus increasing the hydrodynamic diameter. 

Interestingly, the hydrodynamic diameter of the A-PS particles was slightly 

larger in water compared to TBS buffer. A-PS particles appeared to remain 

relatively monodispersed in SF RPMI and TBS with calcium at room 

temperature.  
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 Effect of nhSP-A on NP uptake in RAW264.7 cells 3.3.4.2

The effect of nhSP-A absorption on the uptake of A-PS and U-PS 

particles by RAW264.7 was analysed (see Figure 3.15 and Figure 3.16). Trypan 

blue was used to quench the fluorescence from extracellular nanoparticles. Two 

measures of NP uptake were compared following A-PS or U-PS incubation with 

SP-A (see Figure 3.16A and B). The results show that nhSP-A at a concentration 

of 20µg/mL resulted in a significant 96.9% increase in U-PS uptake as measured 

by the number of particles per cell (MFI; p=0.028 t test). However, there was 

also a concomitant significant 11.9% reduction in the number of cells (%) 

containing nanoparticles following U-PS incubation with SP-A (p=0.045; t test). 

Bovine serum albumin (BSA) was used as a non-specific protein control; BSA 

resulted in a 3.8% increase in MFI and 1.6% decrease in the percent of NP 

containing cells. Both these differences were not statistically significant with 

associated p values of 0.440 and 0.341 respectively (t test). The effect of foetal 

bovine serum (FBS) on U-PS uptake was also examined. FBS resulted in 56.1% 

and 62.4% reductions in the %NP+ and MFI respectively. These reductions were 

highly statistically significant with associated p values of 0.006 and 0.001 

respectively (t test).  

Pre-incubation with nhSP-A resulted in 87.7% and 91.5% reductions in 

A-PS uptake as measured by the %NP+ cells and MFI. These reductions were 

highly statistically significant with associated p values of <0.001. Pre-incubation 

of A-PS with BSA resulted in 13.0% and 9.1% respective increases in %NP+ and 

MFI respectively. However, these increases were not statistically significant 

with associated p values of 0.378 and 0.326 respectively (t test). Pre-incubation 

of A-PS with FBS resulted in 2.4 and 2.2 fold increases in NP+ and MFI 

respectively. However, these increases did not reach statistical significance with 

associated p values of 0.189 and 0.290 respectively (t test).   
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Later experiments therefore used MFI to examine the effect of SP-A on 

NP uptake. nhSP-A resulted in a dose dependent increase in the number of U-

PS particles taken up per cell (i.e. MFI). This increase started at a SP-A 

concentration of 2.5µg/mL and became significant ≥10μg/mL (p<0.050; ANOVA 

with LSD post hoc). On the other hand, the pre-incubation of nhSP-A with A-PS 

resulted in a dose dependent reduction in A-PS uptake by RAW264.7 cells. This 

reduction was evident at the lowest concentration of nhSP-A studied 

(0.039µg/mL) and became significant from 0.156µg/mL (p=0.007 ANOVA with 

LSD post hoc). Maximal inhibition of A-PS uptake occurred at ≥1.25 μg/mL 

with approximately 85-90% of A-PS uptake being inhibited at these 

concentrations.     

 

 

 

Figure 3.15: Effect of nhSP-A on 100nm A-PS and U-PS uptake in RAW264.7 

cells. Flow cytometry histograms of A. A-PS and B. U-PS uptake following pre-incubation 

with 20µg/mL SP-A (dark grey shaded area with dashed line). Nanoparticle alone shown with 

dotted line (light grey shaded area). Nanoparticle free control shown as solid line (unshaded). 

Histograms represent data from at least three experiments conducted in duplicate. 
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Figure 3.16. Effect of nhSP-A on A-PS and U-PS uptake in RAW264.7 cells. 
Uptake of A. A-PS and B. U-PS in RAW264.7 cells following NP and protein pre-incubation 

measured by percent of NP containing cells (%) and mean fluorescent intensity (MFI). Data 

represents mean of four independent experiments conducted in duplicate (±SEM). *p<0.05 vs. 

NP control ** p<0.01 vs. NP control *** p<0.001 vs. NP control; Statistics determined using 

independent t test. C. Dose dependent effects of nhSP-A on A-PS and U-PS uptake in RAW264.7 

cells. Data represents mean of four independent experiments conducted in duplicate (±SEM). * 

p<0.05 vs. U-PS only control; **p=0.004 vs. U-PS only control; # p=0.007 vs. A-PS only control; ## 

p<0.001 vs. A-PS only control. Statistics determined using ANOVA with LSD post hoc.   
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 Effect of SP-A on NP uptake in AM from WT and SP-3.3.4.3

A-/- mice 

 In order to compare particle uptake in alveolar macrophages from wild 

type and SP-A deficient (SP-A-/-) mice each treatment was normalised to the 

MFI of wild type mice for the respective particles. A-PS uptake was increased 

by 30% in the alveolar macrophages (AM) of SP-A deficient compared to wild 

type mice (see Figure 3.17). This difference was statistically significant with a p 

value of 0.017 (t test). The pre-incubation of A-PS with exogenous SP-A reduced 

NP uptake by 74% in the AM of wild type mice and 85% in the AM of SP-A 

deficient mice; these differences were highly statistically significant with p 

values of ≤0.001 (t test).  

 There was no difference in the uptake of unmodified polystyrene NP 

between wild type and SP-A deficient mice (p=0.997; t test). Although SP-A pre-

incubation with these NP enhanced uptake by 17% in AM of wild type and 13% 

in AM of SP-A deficient mice, these differences were not statistically significant 

with respective p values of p=0.106 and 0.429.  
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Figure 3.17. NP uptake in the alveolar macrophages of wild type (WT) and 

SP-A deficient mice (AKO): A. Amine and B. Unmodified 100nm polystyrene uptake in 

the alveolar macrophages of wild type and SP-A deficient mice. Statistics were determined 

using independent t test; ϕ p=0.017 vs. WT NP treatment; *** p≤0.001 vs. WT NP treatment; ### 

p≤0.001 vs. AKO NP treatment. Data normalised to the wild type nanoparticle only control. 

Extracellular fluorescence quenched with trypan blue.  

 Effect of SP-D on NP uptake in AM of WT and SP-D-/- 3.3.4.4

mice 

The effect of exogenous SP-D on the uptake of 100nm A-PS particles was 

also analysed. The uptake of A-PS in the AM of SP-D deficient mice was 

reduced by 94.5% compared to those from wild type mice (see Figure 3.18). This 

decrease was highly statistically significant with an associated p value of 0.008 

(t test). In fact, less than 1% of cells contained NP in SP-D deficient 

macrophages. Following pre-incubation with nhSP-D there was a 5.7 fold 

increase in the percent of cells containing nanoparticles (%NP+) over the 

nanoparticle control in AM from SP-D deficient mice. This increase was 

statistically significant with an associated p value of 0.022 (t test). There was 

also an increase in the MFI following pre-incubation of A-PS with nhSP-D 

however, this increase did not reach statistical significance (p=0.080; t test data 

not shown). Pre-incubation of A-PS with rfhSP-D resulted in a 3.4% increase in 

NP+ cells in SP-D-/- AM representative of a 5.4 fold increase over the A-PS 

control; however, this increase did not reach statistical significance (p=0.112; t 
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test). Pre-incubation of A-PS with FBS resulted in a 2% increase in NP 

containing cells or 3.6 fold increase compared to the control. This increase was 

statistically significant with an associated p value of 0.046 (t test). BSA had no 

significant effect on A-PS uptake in AM from SP-D deficient mice (p=0.808).   

In the AM from WT mice the pre-incubation of A-PS with nhSP-D or 

rfhSP-D resulted in 27.7% and 27.3% respective reductions in A-PS uptake 

compared to the NP control. However, these reductions were not statistically 

significant with associated p values of 0.286 and 0.279 respectively. BSA also 

resulted in a non-significant 20.3% reduction in A-PS uptake in WT AM 

(p=0.408). The pre-incubation of FBS with A-PS resulted in a 62.2% increase in 

A-PS uptake; however this increase was not statistically significant with an 

associated p value of 0.366 (t test).  

 

 

Figure 3.18. Effect of SP-D on the in vitro uptake of 100nm A-PS particles in 

alveolar macrophages from wild type (WT) and SP-D deficient (DKO) mice. 
A-PS (3.8cm2/mL) were pre-incubated with 10µg/mL of rfhSP-D, nhSP-D, BSA or 20% FBS. 
Data represents mean nanoparticle uptake from the alveolar macrophages of at least three mice. 

Data normalised to nanoparticle only control of WT AM. Statistics determined using t test; 

*p<0.05 vs. DKO NP control; ## p=0.008 vs. WT NP control. Reproduced with permission from 

[291] with the addition of NP + rfhSP-D data (Licence number: 3235320787551).       
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 Toxicity of particles in RAW264.7 cells 3.3.5.

 MTT assay; 3.3.5.1

In order to ensure that NP did not interfere with the MTT assay 

preliminary experiments were conducted. A NP spiked MTT sample and 

spiked acidified isopropanol sample were compared against unspiked controls 

in order to determine whether the A-PS or U-PS NP interfered with the assay or 

the optical density readings. The results showed that the MTT assay was 

suitable for the determination of toxicity of these particles (data not shown).  

Incubation of RAW264.7 cells with A-PS or U-PS for 1 hour had no significant 

effect on cell viability at concentrations up to 15 cm2/mL (see Figure 3.19A; 

p=0.847 and  p=0.816 respectively ANOVA). Moreover, 100nm U-PS incubation 

for 24 hours also did not effect cell viability (p=0.788; ANOVA). Following 24 

hour incubation 100nm A-PS resulted in a dose dependent reduction in cell 

viability. This dose dependent reduction became significant at 3.75cm2/mL (see 

Figure 3.19).   

 Clonogenic assay 3.3.5.2

In order to corroborate the viability data the clonogenic survival of 

RAW264.7 cells was also assessed following 24 hour treatment with 100nm A-

PS and U-PS particles. The results presented in Figure 3.20A show that A-PS 

particles resulted in a dose dependent reduction in clonogenic survival. This 

reduction became significant at a concentration 0.23 cm2/mL with an associated 

p value of 0.020 (LSD post hoc). At higher concentrations the reduction in 

clonogenic survival was highly statistically significant with associated p values 

of less than 0.001 (LSD post hoc). Treatment of RAW264.7 cells with U-PS 

particles up to 15 cm2/mL for 24 hours had no significant effect on clonogenic 

survival (see Figure 3.20B: p=0.530; ANOVA). A clonogenic assay of RAW264.7 
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cells with 3.75cm2/mL A-PS for 1 hour showed no significant change in 

clonogenic survival (data not shown). 

 

 

 

Figure 3.19. Cell viability of RAW264.7 cells following A. 1hr and B. 24hrs 

incubation with A-PS and U-PS. Data represents mean of three independent 

experiments conducted in triplicate. Statistics determined using ANOVA with LSD post hoc 

compared to nanoparticle free control; *p=0.040, **p=0.005, *** p<0.001
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Figure 3.20. Clonogenic survival of RAW264.7 cells following 24hr incubation with 

A. 100nm A-PS and B.100nm U-PS; Data represents mean of at least three independent 

experiments ± SEM. Statistics determined using ANOVA with LSD post hoc test comparing 

against nanoparticle free control; *p=0.020; ***p<0.001 

 Discussion  3.4.

When nanoparticles enter a biological fluid they quickly absorb 

biological macromolecules such as lipids and proteins onto their surface. This 

absorption lends a biological identity to exogenous particles and leads to 

altered nanoparticle uptake and distribution [298-300]. The protein corona has 

been reported to be multi-layered with a “hard” corona consisting of proteins 

strongly bound to the nanoparticle core and an outer “soft” corona of loosely 

associated proteins [250, 251]. Proteins within the soft corona are rapidly 

replaced with proteins from the surrounding biological medium; whereas 

proteins of the hard corona have much longer residence times and are 

frequently described as being irreversibly bound to the nanoparticle [248, 249]. 

Inhalation is one of the principle routes of nanoparticle exposure [7] and 

therefore the interaction of nanoparticles with components of pulmonary 

surfactant, which lines the surface of the alveolus, is of particular importance. 

This study concentrates on the interaction of nanoparticles with surfactant 

proteins A and D, which are integral to the innate immune defence of the lung.   
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Surfactant proteins A and D bind in a calcium dependent manner to 

various micro-organisms through their carbohydrate recognition domain as 

discussed in Chapter 1 [107, 196]. These collectins have also been reported to 

bind to surface impurities on carbon nanotubes in the presence of calcium but 

not the calcium chelator EDTA [263]. It was therefore hypothesised that SP-A 

and SP-D would bind to functionalised particles in a calcium dependent 

manner. In fact, SP-D and rfhSP-D showed enhanced binding to the studied 

particles in EDTA rather than calcium. This may be explained by the fact that 

the CRD of SP-D is less polar in the presence compared to the absence of 

calcium [301]. This suggests that the interaction is electrostatic rather than 

calcium dependent. Moreover, SP-D showed enhanced association with the 

negatively charged 100nm U-PS and C-PS over the positively charged A-PS 

particles. Unmodified or plain polystyrene particles are usually described 

nominally as being ‘neutral’ compared to the negatively charged carboxylate or 

positively charged amine modified particles. In fact, the current study shows 

that U-PS and C-PS possess similar negative zeta potentials; this has also been 

shown in other studies [251, 302]. The negative charge of unmodified 

polystyrene particles is due to the presence of sulphate ester on the nanoparticle 

surface which is an impurity derived from the polymerization process [251, 

303]. The absorption of nhSP-A to A-PS, C-PS and U-PS was also investigated in 

the presence of calcium or EDTA. For the nhSP-A experiments, there was much 

more background protein detected (i.e. self-precipitated protein in tubes 

without nanoparticles) than either rfhSP-D or nhSP-D. This may be due to the 

high propensity of SP-A to self-aggregate in calcium containing buffers [304]. 

Indeed, more SP-A precipitated in the calcium compared to the EDTA control. 

Each of the particles studied showed slightly enhanced association to nhSP-A in 

the presence of calcium rather in EDTA. However, this may be due to the 

enhanced precipitation of unbound SP-A in the presence of calcium. 
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Interestingly, the negatively charged particles showed strong SP-A association 

in the presence of calcium and EDTA which demonstrates that the protein can 

associate with these particles in a calcium independent fashion. The amount of 

nhSP-A absorbed to A-PS particles was only slightly increased compared to the 

controls. However, DLS size and zeta potential measurements indicate the 

formation of a protein corona around A-PS particles. This was observed as an 

increase in A-PS particle size and a reduction in the particle zeta potential [305]. 

The inability to detect the corona following repeated ultracentrifugation and 

wash steps coupled with the DLS data suggests that SP-A forms a soft corona 

around the A-PS particles [251].  

The electrostatic potential of the interaction between particles and rfhSP-

D was further investigated by incubating 100nm and 3µm particles with rfhSP-

D in pH adjusted buffers. When the pH of the buffer is below the pKa of the 

functional group then the group exists mainly in its protonated form. The pKa 

of an A-PS group is between 8 and 11; this means that at physiological pH (i.e. 

7.2) and below the A-PS group will exist primarily in its charged -NH3+ form 

[306]. Increasing the acidity of the reaction buffer will increase the proportion of 

protonated A-PS groups (see Figure 3.21). The pH controlled experiment shows 

that the A-PS 3µm particles did not associate with the rfhSP-D at pH 9 or 10. 

Decreasing the pH of the buffer resulted in large increases in the affinity of 

rfhSP-D to the A-PS particles. At first glance these results supports the 

hypothesis that this interaction is electrostatic as at pH 9-10 the A-PS groups 

will primarily be in the deprotonated (-NH2) uncharged state. However, the 

charge of the protein at these different pH values must also be considered. The 

isoelectric point (pI) is the pH at which a protein has no net charge. The 

theoretical pI of rfhSP-D was calculated using Expassy ProtProg to be 5.12; this 

means that at pHs less than 5 the rfhSP-D will possess a net positive charge. The 
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amine modified particles will also be positively charged at pH below 5 and 

therefore the protein and particle surfaces should repel each other.  

 

Figure 3.21. Protonation and deprotonation of A-PS functionalised particles; 

charge of the functional group is dependent on the pH of the buffer. 

There are marked differences in the pH adsorption profiles for the 3µm 

and 100nm particles. The 3µm A-PS particles showed high levels of rfhSP-D 

binding at pH3-5. On the other hand the 100nm A-PS particles showed only 

minimal binding at pH1-4 which as discussed above is consistent with 

electrostatic forces inhibiting the nanoparticle and protein interaction. The 

100nm A-PS used in this study possessed a positive surface charge at 

physiological pH consistent with the nanoparticle containing amine surface 

functionaliations. However, some amine modified polystyrene particles have 

been reported to have negative zeta potentials at physiological pH [302, 307]. 

This may be due to the number/density of functional groups on the 

nanoparticle surface or an inefficient functionalization process; the surface 

charge of the 3µm particles could therefore be negatively charged. However, 

this would have to be confirmed by determining the particle zeta potential. 

These differences may also reflect differences in the isoelectric points of the 

particles. 

Even at pH6 to 10 where rfhSP-D adsorption was maximal for 100nm A-

PS particles the amount of protein associating with the particles was much less 

than for the other particle types. The pH adsorption profiles of the U-PS 3µm / 

U-PS 100nm particles were also very different. The 3µm U-PS particles showed 
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minimal rfhSP-D association within the pH range studied; whereas rfhSP-D 

was highly associated with the U-PS and C-PS 100nm particles, especially at 

acidic pH. The pKa of surface bound carboxylic acid has been reported to be 

between 4.4-5.5 [308, 309]. Therefore at pH below these values the carboxyl 

groups on the C-PS particles will therefore tend to be in its protonated 

uncharged state (COOH). These results indicate that electrostatic interactions 

can influence the association of rfhSP-D to particles but that these interactions 

are not solely responsible for the interactions. The hydrophobicity of the 

particle surface is a key determinant of nanoparticle interaction with proteins 

[250, 267]. The differences in rfhSP-D absorption between the 100nm and 3µm 

particles may also be due to differences in particle hydrophobicity.  Particle size 

influences the hydrophobicity of a particle surface, the bulk material may have 

hydrophilic properties whereas at the nanoscale the material can adopt 

hydrophobic surface characteristics [310]. 

An immunofluorescent co-localisation assay was performed to determine 

whether rfhSP-D could be detected on the particle surface of 200nm A-PS in 

vitro. The immunofluorescent co-localisation assay for rfhSP-D and 200nm A-PS 

particles indicate that the protein does not localise with the epithelial A549 cells 

in the absence of these particles. This may indicate that these particles could 

increase the bioavailability of this recombinant protein by bringing it into 

proximity of the cells. There appeared to be a distinct pattern to the association 

of 200nm A-PS particles with the A549 cells. The particles were located in 

discrete groups rather than spread evenly throughout the cell. This pattern has 

been shown in other reports investigating particle-cell interactions; previous 

studies have shown that adhered particles move centripetally (i.e. towards 

nucleus) on the membrane of fibroblasts due to the action of actin filaments in 

cell migration [311]. This movement may account for the formation of these 

discrete particle groups seen in these micrographs. 
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The trimerisation of rfhSP-D occurs in the neck region through non-

covalent and van der Waal interactions between tyrosine residues on each 

monomer [44]. The collagenous region of rfhSP-D contains eight Gly-Xaa-Yaa 

triplets, compared to 59 in native human SP-D, and the fragment collagenous 

domain is unable to form the collagen triple helix [36, 48]. The rfhSP-D exists 

primarily in trimeric form as the amino terminus is not able to oligomerise with 

other trimers. During SDS PAGE under both reducing and non-reducing 

conditions the non-covalent interactions between rfhSP-D monomers are 

disrupted and should therefore appear solely in monomeric form on either gel 

type. The results from these experiments however, show a small proportion of 

the rfhSP-D in dimer form in reducing and trimer form in non-reducing 

conditions. This indicates that a small proportion of the rfhSP-D is incorrectly 

folded and that covalent interactions may have formed between monomers 

which are resistant to SDS induced denaturation [312]. This occurred despite 

the fact that size exclusion chromatography was conducted on the protein; this 

indicates either that these bonds did not effect the lectin activity or 

size/molecular mass of the protein or that they were formed after protein 

purification. The interaction of 200nm particles with rfhSP-D caused the 

appearance of bands corresponding to dimers, trimers and higher order 

oligomers on non-reduced SDS PAGE gels. The functionalization of 200nm 

particles had profound effects on particle association of rfhSP-D. 200nm 

particles with amine functionalised surfaces showed the least amount of 

monomeric rfhSP-D in reduced and non-reduced gels. However, the higher 

order oligomers were more apparent under reducing conditions after 

interaction with A-PS rather than with U-PS or C-PS particles. The size of the 

monomeric band of rfhSP-D was much larger for the treatments of U-PS and C-

PS 200nm particles than the A-PS particles. At the 50cm2/mL concentration this 

band represented at least 5µg of rfhSP-D with these particles which is around 
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half the total amount of rfhSP-D that was incubated with the particles. In order 

to investigate this interaction further, different techniques to detect and 

quantify the adsorption of proteins to particles could be used; circular 

dichroism will enable the quantification of free protein in solution and measure 

changes to the protein secondary structure [313]. Isothermal titration 

calorimetry could be used to determine enthalpy characteristics of the 

interaction and transmission electron microscopy to visualise the 

protein/particle complexes [250, 251]. Crystallographic images demonstrate that 

the rfhSP-D protein is less than 8nm in width and height. In the TEM images 

the rfhSP-D protein is extends 50-60nm around U-PS particles. This suggests 

that rfhSP-D is forming a multi-layered corona around the particle.   

SP-A enhanced the size distribution of both A-PS and U-PS particles 

however, the degree of this change was markedly different. SP-A resulted in a 

13.5fold increase in U-PS but only a 2.2 fold increase in in the size of A-PS 

particles. Moreover, with the A-PS particles the increase in size distribution was 

rapid, mostly occurring within the first 2 minutes of incubation with SP-A. On 

the other hand, the incubation of SP-A with U-PS resulted in a large increase in 

particle size which was sustained up to and including the 1 hour time point. 

Interestingly, the C-PS particles also show enhanced aggregation in the 

presence of calcium and a similar absorption profile to the U-PS particles. SP-A 

self-aggregates in calcium containing buffers, this aggregation is dependent on 

a number of factors such as ionic strength, pH and temperature [304]. SP-A in 

TBS with calcium showed large aggregates by DLS; this may interfere with 

determining the degree of particle aggregation as the protein self-

agglomeration will also influence the size distribution of the suspension. 

Therefore, other methods were employed to determine the effect of SP-A on 

particle aggregation. Monitoring the percent transmittance at 350nm has 

previously been used to measure the surfactant protein mediated aggregation 
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of influenza virus. In these experiments a reduction in the relative transmission 

was associated with increased virus aggregation [297]. This technique was 

therefore investigated as a method to determine SP-A mediated nanoparticle 

aggregation. The results showed that C-PS and U-PS particles aggregated in a 

time dependent fashion following the addition of SP-A. This aggregation was 

enhanced in the presence of calcium compared to EDTA. Importantly, SP-A had 

little effect on the percent transmittance in the absence of particles in either 

calcium or EDTA containing buffers. In the case of A-PS particles, SP-A had 

little effect on the aggregation of A-PS particles by spectrophotometry. These 

results corroborate the DLS data that calcium enhances the aggregation of C-PS 

and U-PS particles but has a limited effect on A-PS particles.   

Due to experimental limitations DLS measurements had to be taken at 

room temperature. At room temperature the A-PS, and U-PS were stable in TBS 

and calcium buffer over the studied time period. It was therefore, important to 

study the effect of SP-A on aggregation at physiological temperatures. 

Fluorescent microscopy was used for this purpose. U-PS and C-PS particles 

were stable at physiological temperatures and SP-A mediated aggregation was 

greatly enhanced with the addition of calcium. On the other hand, A-PS 

particles showed a high propensity to self-aggregate at physiological 

temperature in physiological buffers; A-PS particles remained relatively 

monodispersed at room temperature in TBS and calcium or at 37°C in milliQ 

water. Interestingly the addition of SP-A but not BSA inhibited the self-

agglomeration of A-PS particles in physiological conditions. Foetal bovine 

serum has previously been shown to inhibit the self-agglomeration of cationic 

CeO2 nanoparticles through the formation of smaller heteroaggregates [314]. 

However, this may also be due to other factors such as steric hindrance [315].  

Lehr and colleagues have published a few papers investigating the effect 

of SP-A on nanoparticle aggregation and cellular uptake [265-267]. These 
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papers have focused on the interaction between SP-A with magnetite 

nanoparticles with different polymer coatings as well as metal oxide 

nanoparticles.  Magnetite particles coated with cationic polymers tended to 

aggregate in the presence of BSA or SP-A this is in contrast to the current study 

which showed that SP-A did not aggregated anionic U-PS particles to a much 

greater extent than A-PS particles. This is likely due to the different surface 

chemistries of the particles. They also showed that more SP-A associated to 

cationic polymer coated particles than their anionic counterparts which is again 

in contrast to the current study which showed the reverse absorption profile. 

However, in these published studies, the total protein corona was determined 

whereas in the current study, the SP-A content in the hard corona was 

investigated. Interestingly, SP-A enhanced the association of cationic magnetite 

particles to macrophages compared to the BSA and particle control. However, 

SP-A only enhanced the macrophage uptake of particles coated with anionic 

phosphidylcholine (PI) and this enhancement was not due to aggregation as 

these particles remained colloidally stable following incubation with SP-A [266]. 

This could be due to an increase in receptor mediated phagocytosis of SP-A 

opsonised anionic particles. The lack of aggregation of PI coated particles 

following SP-A incubation could be due to low calcium concentrations in the 

buffers. The current study demonstrates that SP-A greatly enhances the 

aggregation of U-PS and C-PS particles in calcium containing buffers. This 

aggregation was associated with enhanced uptake of U-PS particles by 

RAW264.7 cells following incubation with SP-A. Although SP-A also enhanced 

the uptake of U-PS particles by alveolar macrophages from wild type and SP-A 

deficient mice these increases were not statistically significant. Further 

experiments will have to be conducted to improve the power of this study. The 

increased uptake of 100nm U-PS particles following incubation with SP-A is in 

agreement with previously published data which showed that SP-A enhanced 
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the uptake 1µm latex particles and titanium dioxide nanoparticles by rat AM. 

However, this paper did not examine the effect of these proteins on particle 

aggregation [264].  

In RAW264.7 cells SP-A resulted in a dose dependent reduction in A-PS 

uptake and dose dependent increase in U-PS. BSA had no effect on A-PS or U-

PS uptake by RAW cells. FBS reduced U-PS uptake and tended to increase A-PS 

uptake however, the latter did not reach statistical significance. The lack of 

statistical significance may be due to large variance in the degree of FBS 

mediated opsonisation as FBS enhanced A-PS uptake in each of the 

experiments. This demonstrates that the surface of the particle is important in 

determining the composition of the corona and the resulting effect on particle 

uptake. The effects of SP-A on the uptake of A-PS and U-PS are likely due to the 

aggregation states of each of the particles. However, since A-PS particles were 

taken up more readily by SP-A-/- over WT AM other mechanisms may also be 

involved. 

A recent paper has shown that SP-A can enhance the uptake of 

hydrophobic PI coated nanoparticles to a greater extent than SP-D. However, 

with starch coated hydrophilic nanoparticles the reverse was true. Interestingly, 

the effect of surfactant proteins on particle uptake was negated following pre-

incubation with surfactant lipids [267]. This suggests that the effect of SP-A and 

SP-D on particle uptake and distribution in vivo may be limited. This is 

supported by another recent paper which showed that pre-coating gold 

nanoparticles with SP-D had only a small and non significant effect on their bio-

distribution in mice [268]. It must be noted however, that this study used wild 

type (i.e. SP-D+/+) mice and that in the current study exogenous SP-D only 

enhanced A-PS uptake in the AM of SP-D-/- mice. In future studies it will 

therefore be interesting to study the bio-distribution of particles in both wild 

type and SP-D-/- mice.    
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Cationic particles such as A-PS interact with anionic patches on the lipid 

membrane of cells and are readily internalised following this interaction [240]. 

The interaction of SP-D or SP-A with these particles altered their cellular 

uptake. The AM from SP-D-/- mice took up very few particles (less than 1% NP+) 

compared to the WT. This represented a 94.5% relative reduction over the WT 

uptake. The pre-incubation of A-PS with SP-D and rfhSP-D resulted in a partial 

restoration of the A-PS uptake in these SP-D deficient cells. The increased A-PS 

uptake in the phagocytically compromised SP-D-/- cells following incubation 

with SP-D likely represents an increase in receptor mediated uptake. This was a 

specific opsonic effect as BSA had no effect on A-PS uptake in these cells. 

However, in WT AM (i.e. phagocytically competent) the absorption of protein 

(rfhSP-D, SP-D and BSA) but not FBS tended to reduce particle uptake. The 

increase in receptor mediated uptake in these cells did not compensate for the 

reduced interaction of the cationic particles with the cell membrane. The 

difference between the uptake kinetics between FBS and the other proteins may 

be due to the much higher protein concentration in FBS compared.  

 The toxicity of 100nm A-PS and U-PS particles were assessed in RAW264.7 

cells by the MTT and clonogenic assays to ensure that these particles were not 

cytotoxic to these cells. The tetrazolium salt MTT is converted into an insoluble 

formazan product in the mitochondria of metabolically active cells. The 

formazan product is unable to cross the lipid membrane of viable cells and 

therefore accumulates within the cell until it is dissolved in an alcohol based 

solvent [316]. The MTT and other colorimetric based cytotoxicity assays have 

previously been shown to be susceptible to interference by certain nanoparticles 

[317-319]. It was therefore important to ensure that the particles of interest did 

not interfere with the assay. To this end, control samples were run with 

nanoparticle spikes in the MTT solution and acidified isopropanol solution. The 

A-PS and U-PS had no effect on the resulting optical density readings of control 
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cells. This is consistent with previously published data for these particle types 

[243]. U-PS particles did not significantly effect cell viability at either the 1 or 24 

hour time points. This was confirmed with the clonogenic assay, which showed 

that U-PS treatment of RAW264.7 cells for 24 hours had no effect on the 

clonogenic survival. A-PS particles did not effect cell viability following the 

short 1 hour incubation used in the uptake experiments. However, 24 hour 

incubation with A-PS significantly reduced both the viability and clonogenic 

survival. This is consistent with previous studies which have shown that 

cationic particles are more cytotoxic than their anionic counterparts. The 

reported mechanisms of cationic particle toxicity range from increased reactive 

oxygen species generation, creating holes in the cell membrane and inducing 

lysosomal rupture  [241, 243, 245, 320-323]. In future work it would be 

interesting to investigate the effect of surfactant protein absorption on the 

toxicity of these particles.  

 This study used nanoparticles in which the hydrophobic fluorescent dye 

was internalised within the particle in order to study the effect of surfactant 

proteins on nanoparticle uptake by macrophages. Trypan blue was used to 

quench the extracellular fluorescence of these fluorescent nanoparticles and 

therefore, the uptake of particles is measured rather than the particle 

association. It is also an important point to note that A-PS particles were not 

toxic at the indicated time point in RAW264.7 cells. Moreover, the viability of 

AM, as determined by a trypan blue exclusion assay, exposed to A-PS particles 

remained >90%. This is especially important due to the use of trypan blue to 

quench extracellular fluorescence in these experiments. If the particles had 

resulted in cell toxicity or increased membrane permeability, the trypan blue 

could enter the cells and thus quench the fluorescence of both internalised and 

extracellular particles.   
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This chapter focuses primarily on the effect of SP-A and SP-D absorption 

to nanoparticles and the effect of this interaction on particle aggregation and 

uptake by phagocytic cells. The association of surfactant proteins to 

nanoparticles and enhanced particle clearance following this association could 

lead to SP-A and/or SP-D deficiencies in the alveolus. This could occur either 

through sequestration of the surfactant proteins or through altered SP-A and 

SP-D clearance. SP-A and SP-D deficiencies have been shown to be associated 

with increased risk and severity of pulmonary infections [85-87]. The effect of 

the particle interaction with SP-A and SP-D on protein function will be 

discussed further in Chapter 5.  
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: Development of in vitro models of influenza Chapter 4

infection 

  Introduction 4.1.

In order to investigate the effects of nanoparticles on IAV infection, the IAV 

in vitro infection models first had to be developed and refined. It has been well 

established that Surfactant Proteins A and D neutralise IAV in both in vitro and 

in vivo models. However, the ability of these proteins to attenuate IAV infection 

are dependent on a number of factors including the glycosylation status of the 

viral envelope proteins. In this chapter, the amplification of IAV by two 

methods were employed and the purification of viral stocks were conducted. 

Infection models were developed and refined to increase the through put and 

reliability of the results obtained. Next, the functionality of Surfactant Proteins 

were determined against the purified IAV stocks in epithelial cell lines. Finally, 

a differentiation protocol was evaluated to differentiate the THP-1 monocyte 

cell line into macrophage-like cells in order to test the effect of surfactant 

proteins and NP on IAV infection in macrophages.   

 Methods 4.2.

 Cell culture 4.2.1.

TT1 cells were kindly provided by Professor Terry Tetley and were grown 

in DCCM1 media (Cellseco, Porton Down, UK) containing 10% heat inactivated 

new born calf serum, 100units/mL penicillin and 100µg/mL streptomycin, 2mM 

L-glutamine (Invitrogen, UK) and 0.5mg/mL G418 (Sigma, UK) as described 

previously [324]. A549 and MDCK cells were grown in RPMI1640 (Invitrogen, 

UK) containing 10% foetal bovine serum (FBS; Sigma, UK) and 100units/mL 
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penicillin and 100µg/mL streptomycin. THP-1 cells were kindly provided by 

Liku Tezera and were grown in RPMI1640 medium containing 10% heat 

inactivated FBS (PAA, UK) and 1% Penicillin and streptomycin. A549, TT1 and 

MDCK cells were routinely sub-cultured every 2-3 days using trypsin. THP-1 

cells grow in suspension and were sub-cultured by diluting cell suspensions in 

growth medium every 2-3 days to maintain cell density at around 5x105-1.5x106 

cells/mL.   

 Influenza A virus 4.2.2.

Two strains of H3N2 influenza A virus were used in this study; X-79 and 

X-79Δ167. The parental X-79 strain is a laboratory derived high yielding re-

assorted virus of H3N2 A/Philippines/82 and H1N1 A/Puerto Rico/34. The X-79 

virus contains envelope proteins (HA, NA, M2) derived from the A/Phil/82 

strain and viral capsid proteins from the A/PR/34 strain [192]. The X-79Δ167 

strain contains a point mutation at position 167 causing an amino acid change 

from threonine to isoleucine; this mutation results in loss of a glycosylation site 

at the collectin binding site at codon 165 [195].  

 Virus amplification  4.2.2.1

 Virus propagation in MDCK cells 4.2.2.1.1.

MDCK cells were grown to confluence in tissue culture flasks (175cm²) in 

RPMI containing 10% FBS. These cells were then washed once in serum free 

(SF) RPMI1640 media and then incubated with virus in SF RPMI media. These 

cells were then incubated for 1 hour at 37°C and then washed twice in fresh SF 

media. The cells were then incubated for 4 days at 37°C 5% CO2 in SF RPMI 

media containing 1µg/mL trypsin (Invitrogen). After 4 days these flasks were 

frozen at -80°C to lyse the cells. After defrosting the solution was clarified by 

centrifuging at 1000g for 30 minutes and the supernatant was either aliquoted 
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and frozen at -80°C until needed or further purified as described below. Mock 

infected lysate was prepared as above but without the addition of virus.  

 Virus propagation in allantoic fluid 4.2.2.1.2.

Ten day old eggs were disinfected using TCP (Omega Pharma, UK) and 

small holes were made approximately 1cm above and 1cm below the air sac. 

The eggs were then inoculated with 100µL of 100HA IAV using a 25 gauge 

needle and the holes sealed with wax. The eggs were incubated at 37°C for 48 

hours in a rotary incubator. Following incubation the eggs were disinfected 

again with TCP and the top of the eggs around the air sac line removed using 

scissors. The sac was opened and the allantoic fluid removed using a pipette 

and centrifuged at 2000g for 10 minutes. Viral titres were determined using the 

haemagglutination assay and screened for bacterial contamination on agar 

plates incubated at 37°C for 48 hours. Allantoic fluid containing bacterial 

contamination was discarded.   

 Fluorescent focus assay for IAV 4.2.2.2

MDCK cells were plated in 48 well plates (1.25x105 cells/ well) in 

complete RPMI and incubated at 37°C 5% CO2 for 4-6 hours. The cells were 

washed and then incubated in SF medium containing serial dilutions of IAV for 

1 hour. The virus solution was then removed; the cells washed three times and 

then incubated for 16 hours in SF medium 37°C 5% CO2 in a humidified 

atmosphere. The cells were then fixed for 1 hour in 1% formaldehyde and then 

washed three times in PBS. The cell membranes were permeabilised using PBS 

containing 0.3% triton X-100 (TrPBS) before incubation for 1 hour at RT with a 

mouse anti-influenza A virus antibody (1µg/mL) in TrPBS and then for a 

further hour with an anti-mouse IgG secondary antibody (667ng/mL in TrPBS) 

coupled to Alexa596 fluorophore. DAPI was used as a DNA counter stain. 

Infected cells were visualised using a fluorescent microscope with rhodamine 
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and UV filters. The viral titre obtained from this assay is described as 

fluorescent foci units (FFU)/mL. 

 Flow cytometry for detecting IAV infection 4.2.2.3

To compare flow cytometry with the FFA MDCK cells were plated and 

infected with IAV as described in section 4.2.2.2. Following incubation for 16 

hours the cells were washed with calcium/magnesium free PBS and trypsinised 

for 5 minutes. The trypsin was deactivated by adding a 10 fold excess of 

complete medium and then centrifuging for 5 minutes at 400g. The cell pellet 

was resuspended in 1% formaldehyde in PBS and incubated for 1 hour at room 

temperature. The cells were resuspended in 1mL PBS then centrifuged at 400g 

for 5 minutes. The pellet was then resuspended in 1mL TrPBS to permeabilise 

the cell membranes, the cells were then centrifuged at 400g for 5 minutes. The 

cells were resuspended in TrPBS containing 1.5µg/mL of mouse anti-influenza 

A nucleoprotein  (Abcam, UK) and incubated for 1 hour at room temperature. 

The cells were washed (2 x 1mL) in TrPBS by centrifuging the sample at 400g 

for 5 minutes. The cells were resuspended in TrPBS containing 1 µg/mL of goat 

anti-mouse IgG secondary antibody coupled to allophycocyanin (APC) 

fluorophore and incubated for 1 hour at room temperature. The cells were then 

washed in TrPBS (2 x 1mL) then resuspended in 100µL of PBS. The percent of 

cells infected with IAV was determined using a FACSAria, 10,000 cells were 

analysed per sample and each sample was conducted in duplicate. Virus 

inoculation buffer was SF RPMI unless otherwise stated in text. TT1 and A549 

cells were plated in 48 well plates at a density of 1.25 x 105 cells / well in 

relevant growth media (see 4.2.1) for 6-8 hours then serum starved for 24 hours 

in SF RPMI. The cells were then infected as described above.  
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 Flow cytometry for detecting surfactant protein IAV inhibition 4.2.2.3.1.

Cells were plated as described in section 4.2.2.3. Surfactant proteins were 

incubated for 1 hour with virus in virus inoculation buffer (SF RPMI unless 

otherwise indicated) at 37°C. The cells were then washed twice in serum free 

RPMI and the virus-protein inoculum was added to the cells and incubated for 

a further hour at 37°C. The cells were then washed and fresh SF RPMI added to 

the cells and then incubated for 16 hours at 37°C. The cells were then 

trypsinised, fixed and stained as described in section 4.2.2.3.  

 Virus Purification 4.2.2.4

Following clarification of cell lysate as described in the IAV amplification 

section the virus was purified as described previously [325]. The supernatant 

was centrifuged at 135,000g for 1 hour at 4°C and then re-suspended at in 

phosphate buffered saline (PBS) with calcium or magnesium at 1% of its 

original volume. The virus was then centrifuged over a discontinuous 30-60% 

sucrose gradient at 104,000g for 90minutes at 4°C. The virus containing sucrose 

fractions were located using the fluorescent focus assay and SDS PAGE 

followed by Simplyblue (Invitrogen, UK) staining and these fractions were 

pooled. The buffer was exchanged to remove the sucrose using Amicon filters 

(MWCO 3000). The virus was aliquoted and frozen at -80°C until needed.  

 Haemagglutination assay  4.2.2.5

Human red blood cells were isolated from human type O negative blood 

by centrifuging at 500 g for 10 minutes. The pellets were resuspended in a 10 

fold excess of phosphate buffered saline (PBS) and centrifuged for a further 10 

minutes at 500 g. This was repeated twice further for a total of three washes. A 

stock solution of 10% RBC was prepared in PBS which was further diluted to a 

concentration of 0.75% RBC immediately before use. The use of human blood 
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cells was approved by the Southampton and South West Hampshire Research 

(reference; 2634/03/W). Commercial sheep RBC (Sigma, UK) were also prepared 

at a final concentration of 0.5%. Serial dilutions of virus were prepared in PBS 

or TBS (as indicated in text) and mixed with equal volumes (50µL;50µL) of 

RBCs in round bottom 96 well plates (Corning, UK). The plate was left 

undisturbed for 1 hour at room temperature and then photographed using a 

Canon EOS400D camera.   

 Haemagglutination Inhibition Assay 4.2.2.5.1.

The haemagglutination inhibition assay was conducted as has been 

previously described [326]. Briefly, serial dilutions of collectins were prepared 

in TBS containing 5mM calcium or 5mM EDTA and mixed in equal quantities 

(25µL;25µL) with 4HAU/well of virus diluted in the same buffer. Human red 

blood cells were prepared as described in section 4.2.2.5 except the final stock 

was prepared at 0.75% in TBS with Calcium or EDTA. Aliquots of RBCs (50µL) 

were then incubated with the virus and collectin suspensions for 1 hour at room 

temperature in round bottom 96 well plates.   

 THP-1 cell differentiation 4.2.3.

THP-1 cells were suspended at a concentration of 5x105 cells/mL in growth 

medium containing 0, 10 or 100nM phorbol 12-myristate 13-acetate (PMA). 

Cells were plated in 6 well plates and incubated for 72 hours at 37°C 5% CO2 in 

a humidified atmosphere. PMA was dissolved in dimethyl sulfoxide (DMSO) 

which was used as a vehicle control and kept at less than 0.1% in all 

experiments. Following differentiation cells were washed three times in PBS 

without calcium or magnesium and incubated in the final wash for 30 minutes 

at 37 C. The cells were trypsinised for 5 minutes at 37°C and then the trypsin 

was deactivated in complete growth medium. The cells were centrifuged and 
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counted using trypan blue and the counts used to assess cell proliferation. 

Expression of cluster of differentiation (CD) markers and the ability of the cells 

to phagocytose bacteria were then analysed as described below.    

 CD expression  4.2.3.1

Trypsinised differentiated THP-1 cells in 0.1mL aliquots at a concentration 

of 1 x 106 cells/mL in PBS containing 10% FBS where incubated on ice for 30  

minutes to block non-specific staining. The cells were then incubated with 

antibodies directed against CD14-FITC (IgG1) or CD11b-PE (IgG1 κ) or relevant 

isotype controls (BD Biosciences, Oxford, UK) for 1 hour on ice. The cells were 

then washed in PBS with 1% bovine serum albumin (BSA) (2x 1mL) by 

centrifuging at 300g for 5 minutes. The samples were resuspended in PBS with 

1%BSA and 10,000 cells per sample were analysed using a BD FACS Aria.  

 Bacteria uptake 4.2.3.2

Trypsinised differentiated THP-1 cells were washed three times in SF 

RPMI by centrifuging the cells at 400g for 10 minutes. The cells were then 

counted and resuspended at a concentration of 1 x 106 cells/mL; 50µL aliquots 

containing 50,000 cells were added to each well of a 96 well round bottom plate. 

Escherichia coli (E. coli) pHrodo bioparticles (Invitrogen, UK) were then added to 

the samples at a concentration of 8 bioparticles per cell. The plate was then 

incubated for 1 hour at 37°C then 10,000 cells per sample were analysed using a 

BD FACS aria flow cytometer. The level of bacteria uptake was assessed by 

analysing the percent of PE positive cells. The size and granularity of control 

cells were evaluated using the mean forward scatter and side scatter 

measurements respectively.  
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 IAV infection 4.2.3.3

THP-1 cells were plated at a concentration of 1.25x105 cells per well in a 48 

well plate and incubated with 10nM PMA for 72 hours in at 37°C 5% CO2 in a 

humidified atmosphere. Following 72 hour differentiation the cells were 

washed twice in SF RPMI then serum starved for 24 hours in SF RPMI at 37°C. 

The differentiated cells were treated with 300µL of a IAV at various 

concentrations as described for other adherent cell types (see section 4.2.2.3). 

Undifferentiated cells were incubated in a 6 well plate at the same density as 

the differentiated cells. Following 72 hours incubation in vehicle control the 

cells were washed twice by centrifugation at 300g in SF RPMI then resuspended 

in SF RPMI and incubated for a further 24 hours. The cells were then 

centrifuged and resuspended at 4.26x105 cells per mL and 300µL aliquots were 

added to sterile FACS tubes (BD, UK). The cells were infected with the same 

concentrations of IAV as the differentiated cells for 1 hour, then washed three 

times in SF RPMI and incubated for a further 16 hours at 37°C. The cells were 

then fixed, stained and analysed as described in section 4.2.2.3. 

 Statistics 4.2.4.

The relative percent infection was determined by normalising the percent 

infection in treatment wells to the percent infection in IAV only control wells. 

The results were considered normally distributed and the significance was 

determined between concentrations using analysis of variance (ANOVA) with a 

Bonferroni or least significant difference post hoc test. Differences in the CD 

expression, bacteria uptake, proliferation, size and granularity of differentiated 

versus undifferentiated THP-1 cells were determined using the independent t 

test. P values were determined using IBM SPSS v21 and were considered 

statistically significant were p ≤0.05. IC50 values were determined using 

GraphPad Prism v6.  
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 Results  4.3.

 Haemagglutination assay        4.3.1.

The haemagglutination assay (HAA) is a rapid test to determine the 

number of influenza virons in a sample however, the assay is unable to 

differentiate between infectious and non-infectious viral particles. The HAA is 

conducted by incubating serial dilutions of virus with a fixed concentration of 

red blood cells (RBC). Haemaglutinin binds to N-acetylneuraminic acid 

containing proteins on the surface of red blood cells [327]. This binding results 

in the formation of an influenza-RBC matrix and prevents the settling of the 

RBCs. Therefore, in samples with insufficient virus to result in 

haemagglutination the RBCs can be observed as a discreet dot at the bottom of 

the well (see Figure 4.1A). Whereas, in the presence of IAV the RBCs do not 

settle out and a hazy red appearance to the well is observed (see Figure 4.1B).  

 

 

 

Figure 4.1: Haemagglutination of RBC’s; A. No haemagglutination; B. 

haemagglutination of red blood cells 

It has previously been reported that both avian and mammalian red 

blood cells may be used in the HAA and therefore initial experiments were 

conducted with commercial RBC isolated from sheep [328]. However, the 

results from these experiments were highly variable and generally produced 

very low haemagglutination titres therefore, human RBC were isolated and the 

results compared to the sheep RBC. Figure 4.2 shows a direct comparison 

between the haemagglutination activity of sheep and human RBCs. These 

results show that sheep RBC could not detect IAV even at low dilution factors 

in this sample, whereas human RBCs were much more sensitive with 
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haemagglutination starting at a dilution of 128. It was therefore decided to use 

human RBCs for future experiments.   

 

Figure 4.2: Comparing Red blood cells from A. Sheep and B. Humans in the 

Haemagglutination assay for X-79 IAV. Number above the first well indicates initial 

dilution factor.  

 Amplification of IAV in allantoic fluid and MDCK cells  4.3.2.

 

Figure 4.3: Fluorescent focus assay for influenza A virus in MDCK cells; A. 

Control (no virus); B. X-79 (1 in 2 dilution) and C. X-79Δ167 (1 in 2 dilution); Images represent 

merged images from UV and rhodamine filters taken at x200 magnification. Red cells indicate 

IAV infection (Alexa596); blue represents DNA counter stain (dapi)  

Two strains of IAV, X-79 and X-79Δ167 were amplified in MDCK cells. 

The viral titres were determined in MDCK cells using the fluorescent focus 

assay (FFA) (see Figure 4.3); this was achieved by calculating the average 

number of infected cells in multiple fields of vision and extrapolating this data 

to determine the number of infected cells per mL of virus. The viral titres of the 
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X-79 and X-79Δ167 strains were determined to be 1.7x106 fluorescent foci units 

(FFU)/mL and 1.4x106 FFU/mL respectively.     

The amplification of these strains of IAV in allantoic fluid was also 

conducted and the resulting titres determined using the haemagglutination 

assay. However, the viral yields were not sufficiently improved compared to 

the MDCK amplification method to justify the use of eggs (data not shown). 

Therefore, it was decided to use IAV from MDCK amplification in all resulting 

experiments.    

 Virus purification  4.3.3.

Influenza virus (X-79) was purified on a sucrose gradient to remove 

contaminating host cell lysate components and proteins. Virus containing 

fractions were identified using the FFA and SDS PAGE. The FFA showed that 

fractions 6 to 39 had high levels of infectious particles present; this was evident 

by more than 70% infection of MDCK cells infected with a 1 in 10 dilution of 

each fraction (data not shown). Fractions 1 to 5 had very low (<10%) infection 

rates present and as such these fractions were not included in the SDS PAGE 

analysis. Figure 4.4 shows the reduced SDS PAGE gels of the fractions from this 

purification. The gels show that in fractions 6 to 25 bands at the approximate 

molecular weights of IAV nucleoprotein (NP), HA1 and M1/HA2 are present. 

These fractions were therefore pooled and the sucrose removed using Amicon 

filters. Following purification of the virus the X-79 stock was determined to be 

4.45x107 FFU/mL as determined by FFA.  
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Figure 4.4: Purification of X-79 IAV. Reduced SDS PAGE of fractions of sucrose 

gradient containing X-79 IAV showing representative molecular weights of major IAV proteins 

nucleoprotein (NP), haemaglutinin (HA) and matrix protein 1 (M1).  

 Optimising Flow Cytometry to replace FFRA 4.3.4.

The fluorescent focus assay (FFA) is a useful experiment to determine the 

number of infectious viral particles in a stock virus solution. The adapted form 

of this assay, the fluorescent focus reduction assay (FFRA) utilises the same 

methods but allows the evaluation of the effect of exogenous factors (e.g. 

surfactant proteins) on IAV infection in vitro. There are a number of 

disadvantages to this assay, including the fact that analysing large numbers of 

samples is extremely time consuming and there is a risk of observer bias on 

both choosing the fields of vision and also identifying IAV positive cells. As the 

FFRA uses normalised infection levels for each treatment (i.e. each treatment is 

normalised to the IAV control) it was decided to develop a flow cytometry 

based assay to replace the FFRA.  

Antibody concentrations and FACS buffer were optimised for flow 

cytometry then the FFA and flow cytometry were directly compared in MDCK 

cells. The results, presented in Figure 4.5 shows that flow cytometry tended to 

result in slightly higher levels of infection detected. However, the degree of 

variation between experiments was reduced in some samples with flow 

cytometry compared to the FFA. Importantly, both techniques showed a good 

dose response relationship between the concentration of virus and the number 
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of IAV infected cells. It was therefore decided to adopt flow cytometry as the 

method of detection to replace the FFRA.     

 

 

Figure 4.5: Comparison of fluorescent focus assay (FFA) and flow cytometry 

for determining percentage IAV infection in MDCK cells. Data represents 

absolute infection levels in mean of three independent experiments conducted in duplicate (± 

SEM).  

 

Following purification of X-79 virus, stocks of virus were stored in 300µL 

aliquots at -80°C until needed. In order to determine whether these stocks could 

be freeze-thawed and still provide similar levels of infection, dose response 

curves before and after a freeze thaw cycle were conducted. The results shown 

in Figure 4.6 shows that freeze thawing virus typically resulted in 

approximately 5% reduction in IAV infection in MDCK cells. Due to these 

results it was determined that virus freeze thawed once could be used without 

radically affecting infection levels but that subsequent freeze thaws should be 

avoided.  
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Figure 4.6: Comparison of purified X-79 IAV infection in MDCK cells before 

and after freeze thaw. Data represents mean of one experiment conducted in duplicate.  

 

nhSP-A and two oligomeric forms of nhSP-D were tested for their ability 

to neutralise X-79 in the MDCK cell line. These experiments were conducted to 

ensure that the collectins were able to neutralise this strain of virus. Although, 

previous studies have shown SP-D can neutralise X-79 viruses, IAV can mutate 

following repeated amplification cycles and lose their susceptibility to SP-D 

mediated neutralisation. The ability of these collectins to neutralise IAV was 

evaluated against a concentration of virus (4.45x104 FFU/mL) shown to produce 

a submaximal infection rate in this model (see Figure 4.6). The results presented 

in Figure 4.7 show that both the 800kDa and 1.7mDa SP-D inhibited IAV 

infection in a dose dependent manner. The reduction of X-79 infection by 

1.7mDa SP-D was significant from 0.01µg/mL whereas the 800kDa mediated 

inhibition was significant from 0.078 µg/mL (p<0.01 and p<0.05 respectively). 

The higher order 1.7mDa oligomer was a more effective IAV inhibitor with an 
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IC50 of 0.019 µg/mL compared to 0.199 µg/mL for the 800kDa SP-D in MDCK 

cells. nhSP-A also resulted in a dose dependent reduction in IAV infection in 

this system with an associated IC50 of 0.803 µg/mL. 

 

 

Figure 4.7: nhSP-D and X-79 IAV infection in MDCK cells; Comparison of 

purified X-79 IAV (4.45x104 FFU/mL) infection in MDCK cells following pre-incubation with 

two forms of nhSP-D. The percent of APC positive cells in each sample were normalised to the 

sample where no collectin was present. Dashed line represents IC50. Data represents mean of at 

least three independent experiments conducted in duplicate (±SEM).  Experiments conducted 

by Zofi McKenzie and Jacqueline Pugh. Statistics determined using ANOVA with LSD post hoc 

test where *p<0.05,**p<0.01,***p<0.001  vs. IAV control with no SP-D.    
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Figure 4.8: nhSP-A and X-79 IAV infection in MDCK cells; Comparison of 

purified X-79 IAV (4.45x104 FFU/mL) infection in MDCK cells following pre-incubation for 1 

hour with nhSP-A. Dashed line represents IC50. The percent of APC positive cells in each 

sample were normalised to the sample where no collectin was present. Data represents mean of 

at least three independent experiments conducted in duplicate (± SEM). Experiments conducted 

by Zofi McKenzie and Jacqueline Pugh. Statistics determined using ANOVA with LSD post hoc 

test where ** p=0.001, ***p<0.001 vs. IAV control with no SP-A.  

 Haemagglutination Inhibition Assays 4.3.5.

In order to corroborate these results the ability of these collectins to 

inhibit the haemagglutination of X-79 was also investigated. Hartshorn et. al. 

(1998) described a protocol in which the inhibitory capacity of collectins against 

IAV haemagglutination could be determined using a modified HAA termed the 

haemagglutination inhibition assay (HIA). The highest dilution factor of IAV 

stock which results in haemagglutination of the RBCs is given the value of 1 

haemagglutination unit (HAU). In the HIA protocol 4 HAU of IAV is incubated 

with increasing concentrations of proteins to determine the lowest 

concentration which results in complete inhibition of IAV haemagglutination 

with RBCs. This concentration is termed the haemagglutination inhibitory 

concentration (HIC).   
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Figure 4.9: Effect of buffer on haemagglutination of purified X-79 with 

human RBCs; Abbreviations df; dilution factor.  

Firstly, it was determined whether the HAU was consistent between PBS 

and TBS buffers with 5mM calcium or 5mM EDTA. This was conducted as PBS 

becomes saturated in the presence of 2mM calcium, the minimum calcium 

concentration required for the lectin activity of collectins. The results, presented 

in Figure 4.9, shows that changing the buffer from PBS to either TBS with 5mM 

calcium or TBS with 5mM EDTA had no effect on the HAU. One 

haemagglutination unit was determined to be equivalent to a 1 in 1024 dilution 

of the IAV and therefore 4HAU was equivalent to 1 in 256 dilution of the 

purified stock or 1.74x105 FFU/mL.    

The results, shown in Figure 4.10 and summarised in Table 4.1, 

demonstrate that SP-A is unable to inhibit haemagglutination of X-79 in TBS 

with calcium at the concentrations studied (HIC; >20µg/mL). Interestingly, in 

TBS with EDTA haemagglutination was inhibited with 20 µg/mL nhSP-A. The 

1.7mDa and 800kDa oligomers of nhSP-D inhibited X-79 haemagglutination in a 

calcium dependent manner with HICs of 0.625 µg/mL and 5 µg/mL 

respectively. The 1.7mDa SP-D oligomer could also inhibit X-79 in the presence 

TBS + 5mM Ca 

TBS + 5mM EDTA 
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of EDTA however, the HIU was much higher in EDTA than in calcium with a 

HIC concentration of 5µg/mL. The effect of rfhSP-D and BSA on X-79 

haemagglutination were also studied however, they failed to inhibit 

haemagglutination at any of the concentrations studied (HIC; >10µg/mL). 

As was observed with the flow cytometry studies of collectin inhibition 

of X-79 infection in MDCK cells, the 1.7mDa SP-D is around 10 times more 

effective at neutralising X-79 than the 800kDa oligomer.  

 

Protein  HIC in 5mM Ca. HIC in 5mM EDTA 

nhSP-A >20µg/mL 20µg/mL 

nhSP-D; 800kDa 5 µg/mL >20µg/mL 

nhSP-D; 1.7mDa 0.625 µg/mL 5 µg/mL 

rfhSP-D >20µg/mL >20µg/mL 

BSA >10µg/mL >10µg/mL 

 

Table 4.1: Collectin inhibition of X-79 haemagglutination. Haemagglutination 

inhibition concentrations (HIC) of pulmonary collectins against 4HAU of purified X-79 IAV 

with human RBCs. 4HAU of this viral stock was equivalent to a viral titre of 1.74x105 FFU/mL. 
Where no haemagglutination inhibition was observed the HIC is reported as >x µg/mL where x 

is the highest concentration tested.  
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Figure 4.10: Collectin inhibition of X-79 haemagglutination. nhSP-A and nhSP-D 

inhibition of haemagglutination of human RBCs by purified X-79 IAV. Experiments were 

conducted in TBS with A. 5mM CaCl2 or B. 5mM EDTA. Results representative of at least two 

similar experiments.  
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A preliminary experiment using the X-79Δ167 strain in the HAA with 

the 1.7mDa SP-D showed that the HIC against this strain was 0.125 µg/mL in 

the presence of calcium. This indicates that the X-79Δ167 strain is more sensitive 

to inhibition by SP-D than the parental X-79 strain. This is in contrast to the 

previously published results and may indicate that the virus has mutated and 

become glycosylated. This was supported by preliminary in vivo experiments in 

which no morbidity or mortality was observed in mice infected with X-79Δ167 

(data not shown). 

 Development of IAV reduction assay  4.3.6.

MDCK cells are a canine kidney cell line which is often used for the 

amplification and subsequent quantification of IAV in vitro. However, they are 

not a representative cell type for the alveolar epithelium. It was therefore 

decided to optimise IAV infection in two cell lines derived from the alveolar 

epithelium A549 and TT1 cells. A549 cells were originally derived from a type II 

pneumocyte lung carcinoma [293] A549 cells are one of the most commonly 

used cell lines in in vitro nanotoxicology studies. TT1 cells were immortalised 

from primary alveolar type II pneumocytes. However, following 

immortalisation they were discovered to have the phenotype of type I cells and 

are therefore regarded as type I cell like [324].  
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Figure 4.11: Influenza infection by purified X-79 IAV in MDCK, A549 and 

TT1 cells (SF RPMI). Data represents mean of duplicate results. A549 cell R2 = 0.9976 

and TT1 cell R2 = 0.9869. MDCK cell R2 = 0.9121 

 

Firstly, influenza infection in A549, TT1 and MDCK cells were compared. 

The results, shown in Figure 4.11, show that MDCK cells were much more 

readily infected with IAV compared to both A549 and TT1 epithelial cell lines. 

A549 and TT1 cells tended to infect to a similar extent at the concentrations 

studied. IAV infection in A549 and TT1 cell lines showed a linear relationship 

with viral titre at the concentrations studied. This was showed with coefficient 

of determination (R2) values of 0.9976 and 0.9869 for A549 and TT1 cells 

respectively. On the other hand in MDCK cells IAV infection started to become 

saturated over 50% cell infection and therefore had a R2 value 0.9121.   
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Figure 4.12: Comparison of inoculation buffers and temperature on IAV 

infection in MDCK cells. Data represents mean of duplicate results ± stdev.  

 

RPMI is a phosphate containing cell culture media which contains 

11.11mM of glucose but only 0.424mM of calcium. Glucose is a ligand for SP-D 

and has previously been shown to inhibit the binding of this collectin to various 

microorganisms. Also, a calcium concentration of 2mM is required for the lectin 

activity of the collectins and supplementing RPMI with added calcium results 

in calcium precipitation (data not shown). Hartshorn et al. use PBS containing 

2mM calcium as an inoculation buffer to study collectin inhibition of IAV 

infection in vitro however, PBS becomes saturated at this calcium concentration 

and therefore it was decided that this was inappropriate to use with 

nanoparticles, influenza and surfactant proteins. Tris buffered saline containing 

5mM calcium was therefore investigated as a suitable alternative. This buffer 

was used previously as a nanoparticle buffer in many of the characterisation 

experiments in Chapter 4. In these characterisation experiments it was shown 

that amine nanoparticles were relatively stable in TBS and calcium at room 

temperature, although they tended to self agglomerate at 37°C. Therefore, the 

effect of changing the inoculation buffer and temperature was examined on IAV 
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infection. MDCK cells were therefore infected with IAV at two different 

temperatures (25°C and 37°C) in either TBS with 5mM calcium or SF RPMI. The 

results, presented in Figure 4.12, shows that changing the inoculation buffer 

from SF RPMI to TBS and calcium did not effect IAV infection at either 

concentration. However, altering the temperature during influenza infection 

did alter cell IAV infection. Lowering the temperature from physiological 

(37°C) to room temperature (25°C) resulted in a relative reduction of 

approximately 40% in infection. It was therefore decided that experiments 

should continue to be conducted at physiological temperatures.  

Before a change in inoculation buffer could be carried out, the effect of 

these buffers on cell viability was determined. Growth curves of A549 and TT1 

cells were conducted; cells were plated for 24 hours then serum starved for a 

further 24 hours in serum free RPMI. The cells were then treated for 1 hour in 

RPMI or TBS and calcium and then further incubated in SF RPMI for 16 hours. 

Cell viability was then assessed using the MTT assay following this period. 

Figure 4.13 shows that changing the inoculation buffer from SF RPMI to TBS 

and calcium did not affect cell viability in either TT1 or A549 cells. It was 

therefore decided that for subsequent influenza experiments the inoculation 

buffer would be TBS with calcium.  
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Figure 4.13: Cell viability in serum free RPMI (SF RPMI) and TBS with 5mM 

calcium. Growth curves of A. A549 cells and B. TT1 cells following 1 hour exposure to either 

TBS and calcium or SF RPMI. Data represent mean ± SEM of triplicate measurements.  

 

Next, the effect of nhSP-A and nhSP-D on IAV infection were 

determined. A concentration of 2.23x105 FFU/mL of X-79 was chosen as it was 

shown to provide a submaximal infection level in both A549 and TT1 cells (see 

Figure 4.11). Due to the high levels of nhSP-A in the 800kDa preparation of SP-

D (see Chapter 3) it was decided not to use this oligomer for the nanoparticle 

experiments. Therefore, only the 1.7mDa SP-D was optimised for the use in the 

A549 and TT1 alveolar epithelial cell lines. Figure 4.14 shows the effect of nhSP-

A (Figure 4.14A) and 1.7mDa nhSP-D (Figure 4.14B) on X-79 infection in these 

alveolar epithelial cell lines. The results show that both nhSP-A and nhSP-D 

result in dose dependent decreases in IAV infection in A549 and TT1 cells. IC50 

values for these treatments were also calculated and are summarised in Table 

4.2. The results show that surfactant proteins were slightly more effective, at 

sub-maximal collectin concentrations, at neutralising X-79 infection in the A549 

compared with the TT1 cell line.  
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Figure 4.14: Pulmonary collectins and X-79 IAV infection in alveolar 

epithelial cell lines. Effect of A. nhSP-A and B. nhSP-D (1.7mDa) on X-79 infection (2.2x105 

FFU/mL) in A549 and TT1 cells in TBS containing 5mM calcium. Data represents mean of at 

least two experiments conducted in duplicate. Dashed line represents IC50.  
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IC50 A549 TT1 

nhSP-A 5.22 7.27 

nhSP-D (1.7mDa) 0.33 0.47 

Table 4.2: IC50 (µg/mL) for collectins against X-79 infection in A549 and TT1 

cells. 

 

Preliminary experiments using the FFA showed that rfhSP-D had a 

strong inhibitory effect on X-79 IAV infection in MDCK cells. However, 

subsequent experiments in MDCK cells using flow cytometry showed that 

rfhSP-D increased X-79 infection in this cell line (data not shown). In order to 

determine whether rfhSP-D could reduce X-79 infection in either A549 or TT1 

cells concentration gradients of rfhSP-D in these cells were conducted. The 

results show that rfhSP-D tended to result in a dose dependent reduction of X-

79 infection in A549 cells up to 5 µg/mL. At higher concentrations the effect of 

rfhSP-D on IAV infection seemed to be negated. In TT1 cells, rfhSP-D tended to 

increase X-79 IAV infection (see Figure 4.15A). Further experiments were 

conducted to determine the significance of these differences (see Chapter 6). 

BSA had little effect on IAV infection in either TT1 or A549 cell lines (see Figure 

4.15B).  
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Figure 4.15: The effect of A. rfhSP-D and B. BSA on X-79 IAV infection in 

A549 and TT1 cells. Data represents mean of two experiments conducted in duplicate.  

 Optimisation of THP-1 cells 4.3.7.

Macrophages are the principle immune cell resident in the alveolus and 

are crucial to maintaining a healthy lung environment. Influenza is able to 

infect macrophages and this infection has been reported to result in terminal 

replication of the virus, although this is dependent on the virus subtype and 

source of macrophage [329, 330]. It is therefore, important to understand how 

the interaction of nanoparticles with surfactant proteins will impact infection in 
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these cells. In order to do this THP-1 cells, a human monocytic cell line was 

obtained and a differentiation protocol developed to differentiate these cells 

into macrophage like cells.   

THP-1 cells are a human monocytic suspension cell line derived from the 

peripheral blood of a male infant with acute monocytic leukemia (ATCC). 

These cells can be differentiated into a macrophage like phenotype using a 

number of agents. Many studies have used phorbol 12-myristate 13-acetate 

(PMA) to differentiate THP-1 cells into macrophages; however, the 

differentiation dose and time scale differs between these studies. Additionally, 

the resulting phenotype of the cells appears to be different between some of 

these studies. Therefore, in order to determine the optimum PMA concentration 

to differentiate these cells into macrophages and characterise their phenotype 

following differentiation a number of experiments were conducted. The 

morphological characteristics were assessed using microscopy to assess the 

acquisition of morphology and adherent characteristics and flow cytometry to 

measure the relative size (forward scatter; FSC) and granularity (side scatter; 

SSC) of the cells. The expression of typical monocyte-macrophage 

differentiation markers and the phagocytic capacity of the cells were assessed 

by flow cytometry. Cell counts following differentiation were used to determine 

the extent of cell proliferation.   

THP-1 cells acquired an adherent characteristic within 24 hours of 

differentiation with either 10nM or 100nM PMA (see Figure 4.16A). This 

characteristic was maintained throughout the 72hour period. THP-1 cells 

treated with the vehicle control remained in suspension, although some settled 

on the bottom of the well they did not adhere. Following adhesion of 10nM 

PMA differentiated cells the cells gradually spread out generating filopodia-like 

projections. DMSO was used as a vehicle control (VC) in these experiments and 
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was kept <0.1% in all experiments. Following PMA differentiation, there was a 

loss in cell proliferation as shown in Figure 4.16E.  

 Size and granularity  4.3.7.1

There were large increases in the SSC in both 10nM and 100nM versus 

VC treatments. These 81% and 89% increases were highly statistically 

significant with respective p values of 0.001 and 0.002 (independent t test). 

There was a 13% increase in the FSC following 10nM PMA compared to vehicle 

control treatments. However, this increase did not reach statistical significance 

(independent t test; p=0.075). This indicates that PMA differentiation 

significantly increases the granularity of the cells but does not significantly alter 

their size.  
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Vehicle control        10nM PMA 100nM PMA 

   

   

   

Concentration of PMA (nM) 

Figure 4.16: Morphology of PMA differentiated THP-1 cells; Morphological 

characteristics of THP-1 cells following differentiation with PMA. A. Microphotographs 

following 48 hour differentiation and B. Forward scatter (FSC) / side scatter (SSC) plots of THP-

1 cells following treatment with vehicle control, 10nM and 100nM PM for 72 hours C. Mean 

Forward scatter and D. mean side scatter of THP-1 cells differentiated for 72hours with PMA. E. 

Total number of cells recovered following 72hours differentiation. Dashed line represents 

number of cells plated. Data represents mean of three experiments conducted in duplicate 

(n=3±SEM).    
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 CD expression  4.3.7.2

The cell surface markers CD11b and CD14 are up-regulated during 

monocyte-macrophage differentiation [329]. Following 72 hours of 10nM PMA 

differentiation 92% of cells were CD11b+ compared to 23% following VC 

treatment (data not shown). The expression of CD11b as measured by the mean 

fluorescent intensity was increased by 17.4 fold in the 10nM PMA compared to 

the VC treatments. This was statistically significant with an associated p value 

of 0.004 (independent t test). There was no significant difference between the 

percent of CD14+ cells between VC and 10nM PMA treatments (p=0.424) with 

approximately 90% of the THP-1 cells CD14+ for both treatments. However, the 

level of CD14 expression in 10nM PMA treated THP-1 cells was 2.4fold higher 

than the VC as measured by the MFI (see Figure 4.17). This increase was highly 

statistically significant with an associated p value of 0.007 (independent t test). 

The number of cells expressing CD14 in 100nM PMA treated THP-1 cells 

reduced by 15% and the level of expression also reduced to 20% below the VC 

treated cells.  However, only the difference in percent CD14+ was statistically 

significant with p values of 0.007 and 0.136 for the percent CD14+ and MFI 

respectively.   
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Figure 4.17: CD11b and CD14 expression in PMA differentiated THP-1 cells. 
A. CD14 and CD11b expression in THP-1 cells treated with vehicle control (red), 10nM PMA 

(blue) and 100nM PMA (green). Mean fluorescent intensity (MFI) of B. CD14 and C. CD11b of 

PMA differentiated THP-1 cells. Results represent mean of three independent experiments 

conducted in duplicate (± SEM). **p<0.01 versus vehicle control. 

 Phagocytic capacity following differentiation 4.3.7.3

  The phagocytic capacity of the cells following PMA differentiation was 

assessed using pHrodo labelled E. coli bioparticles and compared to VC treated 

cells. Differentiation of THP-1 cells with 10nM PMA resulted in a 3.1 fold 

increase in the number of phagocytising cells compared with the vehicle 

control. This increase was highly statistically significant with a p value of 0.003 

(independent t test). Although 100nM PMA resulted in a 2 fold increase in the 

phagocytic activity of the cells, this increase did not reach statistical significance 

(p=0.062). The results clearly demonstrate that 10nM PMA for 72hours is 

optimal for the differentiation of THP-1 cells into macrophage like cells.  
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Figure 4.18: Phagocytic capacity of THP-1 cells following 72hour PMA 

differentiation.  Uptake of E. coli bioparticles in THP-1 cells following PMA differentiation. 

Results representative of three independent experiments conducted in duplicate (n=3 ±SEM). 

**p=0.003 vs. VC (0nM PMA); independent t test 

 Influenza infection and THP-1 cells 4.3.7.4

In order to examine the effect of nanoparticles and surfactant proteins on 

IAV infection in differentiated THP-1 cells the amount of IAV required to 

produce a sub-maximal level of infection was established. Figure 4.19 shows 

that THP-1 cells differentiated with 10nM PMA for 72 hours were infected in a 

dose dependent manner up to 4.45x105 FFU/mL. Non-differentiated cells 

infected much more readily than their differentiated counterparts. It was 

therefore decided to use a concentration of 2.23x105 FFU/mL in future 

experiments to infect 10nM PMA differentiated cells as this concentration 

produces a sub maximal infection level in these cells and also reflects the 

concentration of virus optimised for the A549 and TT1 cell lines. Due to these 

results it was decided to use the same concentration of virus and surfactant 

proteins for the nanoparticle experiments.  
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Figure 4.19: IAV infection in THP-1 monocytic and macrophage like cells. IAV 

infection in differentiated (10nM PMA) and non-differentiated (vehicle control) THP-1 cells 

following inoculation in TBS and calcium. Data represents 1 experiment conducted in triplicate 

(n=3±SEM).   

 Discussion 4.4.

The H3N2 Influenza A virus (IAV) subtype was first detected in humans 

during the Hong Kong pandemic of 1968 and is still regarded to be one of the 

most virulent human IAV subtypes [331]. Over the last 4 decades this virus has 

evolved within the human population through the increasing addition of 

glycans to the viral HA. This process has led to reduced susceptibility to 

antibody mediated neutralisation but enhanced susceptibility to SP-D inhibition 

[190]. The ability of SP-D to neutralise IAV is dependent on the glycosylation of 

the HA proteins on the viral membrane. SP-A is less effective at neutralising 

IAV than SP-D; however, SP-A binding to IAV is independent of HA 

glycosylation and acts through the inhibition of IAV attachment to cells by 

competing for sialic acid binding sites [332, 333]. This is due to the partially 

sialylated residue at position 187 in the CRD of SP-A [73, 74, 334]. The 

glycosylation site at codon 165 of SP-D has previously been shown to be 
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important in determining the sensitivity of IAV strains containing the H3 

subtype to β inhibitors. Glycosylation is the biological process in which 

carbohydrates are linked to biological molecules and glycosylation sites require 

an amino acid sequence of Asn-X-Ser or Asn-X-Thr where X is any amino acid 

[335]. The X-79Δ167 strain contains a threonine to isoleucine amino acid change 

at codon 167 and as a consequence the asparagine at position 165 cannot be 

glycosylated. This chapter focuses on the propagation and purification of the β 

sensitive H3N2 X-79 strain and its variant the β resistant X-79Δ167 strain of IAV 

in order to study the effects of nanoparticles on collectin mediated IAV 

inhibition. X-79 has previously been shown to replicate ineffectively in wild 

type and SP-A-/- mice; whereas it replicates effectively in SP-D-/- and SP-A/SP-D-/- 

double knockout mice with maximal infection occurring 4 days post infection 

(dpi) [336]. This indicates the relative importance of SP-A and SP-D in the 

defence against X-79 infection in mice; mice with functional SP-D are able to 

neutralise X-79 infections whereas SP-A is unable to effectively neutralise these 

infections. X-79Δ167 virus is able to efficiently replicate in wild type mice with 

similar levels of IAV infection seen in wild type, SP-A-/- and SP-D-/-  4dpi [336]. 

Preliminary in vitro experiments with HAA and infection assays indicated that 

the X-79Δ167 strain was sensitive to SP-D mediated neutralisation. In fact in the 

HAA the X-79Δ167 strain was more sensitive than the parental X-79 strain. 

Furthermore, wild type C57BL/6 mice infected with varying concentrations of 

X-79Δ167 showed no signs of morbidity and mortality. This is in contrast to 

previously published data which showed that this strain is highly virulent in 

wild type mice [336]. Although this could be due to low viral titres, coupled 

with the preliminary in vitro experiments showing SP-D sensitivity strongly 

suggests that the virus has mutated. This could be verified by sequencing. 

Therefore, further experiments were not conducted with this viral strain; in 
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order to perform further experiments with X-79Δ167 a new viral stock will have 

to be sourced.  

The purification of the X-79 virus strain was conducted using a sucrose 

gradient as previously described [325]. Studying the effect of nanoparticles on 

surfactant protein mediated IAV inhibition will involve dynamic interactions 

between particle, protein and virus at the nano-bio interface; the addition of 

host cell proteins and contaminants could interfere or alter these interactions. 

The purification of the virus was therefore an important step prior to the 

commencement of these nanoparticle studies.  

The fluorescent focus assay (FFA) is an assay which has been used since 

the 1960’s to identify and quantify infectious virus in in vitro cell models [337]. 

The FFA has a number of disadvantages including having the possibility of 

observer bias, being time consuming and having a low throughput. Therefore, 

an alternative assay was required in order to accurately and reproducibly 

quantify infection in vitro. Flow cytometry is a highly sensitive method for the 

quantification of cellular fluorescence and has previously been used to monitor 

IAV infection in in vitro cell models [338]. Flow cytometry was therefore 

compared to the FFA in the quantification of IAV in MDCK cells. Both 

techniques showed a linear relationship between viral titre and infection levels; 

however the percent of infected cells was higher using flow cytometry than the 

FFA. This may be due to the increased detection sensitivity of flow cytometry 

compared with fluorescent microscopy. Flow cytometry also quantifies a much 

greater number of cells from a more representative sample selection. In a typical 

FFA experiment IAV infection is evaluated in approximately 500 cells per 

treatment whereas in flow cytometry, ten thousand cells are counted per 

sample. Overall, the results show that flow cytometry provides a reliable and 

sensitive technique to quantify IAV infection of cell cultures. Flow cytometry is 

also a high throughput technique which eliminates the issue of observer bias. 
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Another advantage of flow cytometry is that it will allow the simultaneous 

quantification of IAV infection and uptake of fluorescent nanoparticles in future 

experiments. Flow cytometry was therefore adopted as the detection method for 

evaluating the effects of collectins on IAV infection. A secondary antibody with 

the allophycocyanin (APC) fluorophore conjugate was chosen for flow 

cytometry experiments as this fluorophore has minimal overlap with any of the 

fluorescent nanoparticles to be used in later co-exposure experiments.  

IAV has previously been shown to be able to mutate during propagation 

in vitro [339]. Alterations to the envelope proteins of IAV can alter virus 

susceptibility to antibody or collectin mediated neutralisation [195, 340]. It was 

therefore important to ensure that the virus was still susceptible to SP-A and SP-

D mediated neutralisation. The IC50 values of nhSP-A and two oligomeric 

preparations (800kDa and 1.7mDa) of nhSP-D against purified X-79 IAV in 

MDCK cells were determined. These results revealed that X-79 IAV maintained 

its β inhibitor sensitivity. This was also confirmed using the haemagluttination 

inhibition assay.  

Glutaradehyde fixed sheep red blood cells have previously been 

successfully used for determining viral titres of Newcastle disease and influenza 

viruses with the HAA [328]. They were therefore investigated for use in this 

assay. During the course of a number of experiments they produced highly 

variable and unreliable viral titres, and therefore the use of human RBCs were 

investigated. Determining viral titre was much more reliable and reproducible 

using human RBCs. Moreover, changing the buffer to TBS with either calcium 

or EDTA had no effect on viral titre. Therefore, human RBCs were chosen to 

determine the effect of nhSP-A and nhSP-D on X-79 IAV haemagglutination in 

the presence of calcium or EDTA. nhSP-A has been previously reported to 

inhibit haemagglutination of RBC by the Mem7lH-BeIN strain of IAV; the 

ability of nhSP-A to inhibit this haemagglutination of this IAV strain was more 

http://en.wikipedia.org/wiki/Allophycocyanin
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than ten times less than nhSP-D. Moreover, the addition of maltose and EDTA 

had no effect of nhSP-A mediated haemagglutination inhibition (HAI) but 

completely abrogated nhSP-D mediated HAI [326]. These results were 

confirmed in another study with various IAV strains. This study noted the 

differences in the ability of nhSP-A to inhibit haemagglutination of different 

IAV strains; the removal of a high mannose oligosaccharide residue close to the 

SA binding site on the HA resulted in an increase in the inhibitory capacity of 

nhSP-A against virus HA [196]. This is consistent with the mechanism of SP-A 

neutralisation of IAV as SP-A binding is calcium independent and relies on the 

partially sialyated asparagine 187 residue on nhSP-A. In the current study, 

nhSP-A inhibited the haemagglutination of X-79 at concentrations of 20µg/mL 

in EDTA but not in calcium. This is consistent with the haemagglutination of 

IAV by SP-A being calcium independent as described in the literature.  

Hartshorn et al. (2007) reported that human SP-D trimers showed 

reduced activity against various IAV strains compared to their multimeric 

counterparts. This was observed by enhanced binding, and greater inhibitory 

capacity against virus haemagglutination and in vitro infection of multimeric 

SP-D [196]. These results have been confirmed with those of the current study 

which showed around a ten times decrease in the haemagglutination inhibition 

concentration and eight times decrease in IC50 of IAV infection in MDCK cells 

in 1.7mDa compared to 800kDa SP-D. As mentioned in Chapter 2 the 800kDa 

SP-D oligomer contained large amounts of nhSP-A. As nhSP-A did not inhibit 

X-79 haemagglutination at concentrations up to and including 20µg/mL in the 

presence of calcium it is reasonable to assume that the HAI observed in the 

800kDa preparation is due to the presence of SP-D in the preparation. 

Moreover, the recombinant fragment of SP-D (rfhSP-D) which is unable to 

produce supratrimeric oligomers showed no inhibitory effect on the 

haemagglutination of X-79 IAV.  
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A549 cells were originally derived from a lung adenocarcinoma and is 

one of the most commonly used cells in nanotoxicity studies as a model for 

alveolar epithelial cells [293]. It was originally proposed that A549 cells were a 

good model for ATII cells; however, as they do not express surfactant or possess 

alkaline phosphatase activity which are characteristics of the ATII phenotype 

the suitability of these cells as ATII models has been widely debated in the 

literature [293, 324, 341-344]. TT1 were originally derived from primary ATII 

cells however, following transformation they developed an ATI like phenotype 

and are therefore regarded as a ATI like cell line [324]. A549 and TT1 were 

infected with a concentration gradient of IAV to determine the optimum IAV 

concentration to use for reduction experiments. The results show that these cells 

infect to a similar degree to each other however, MDCK cells infected much 

more readily than the alveolar epithelial cells. This is likely due to the virus 

undergoing positive selection during propagation in the MDCK cells.  

Due to the similar levels of infectivity in the A549 and TT1 cell lines a 

concentration of 2.2x105 FFU/mL was chosen for both cell types for the 

reduction experiments. This concentration produced a sub-maximal yet 

detectable level of infection in both cell lines. The use of a sub-maximal level of 

infection is important in order to effectively detect any modulation in infection 

levels by the exogenous factors to be tested (i.e. nanoparticles and proteins). 

The inoculation buffer for the infection experiments was changed from 

serum free RPMI to TBS containing 5mM calcium. This change had no effect on 

either the infection levels in MDCK cells or the viability of A549 or TT1 cells. 

This change was conducted to ensure sufficient calcium for the lectin function of 

the surfactant proteins. Moreover, the amine nanoparticles also showed 

enhanced stability in the TBS buffer at room temperature compared to RPMI 

(see Chapter 4).    
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As MDCK cells infect much more readily than either A549 or TT1 cells 5 

times more virus was required to yield similar infection rates. The range of 

protein concentrations required to produce submaximal reductions in IAV 

infection was therefore altered accordingly. This strategy was successful in 

identifying the IC50 values for SP-A and SP-D against X-79 infection. SP-A and 

SP-D resulted in dose dependent reductions in IAV infection in the A549 and 

TT1 cell lines. At sub-maximal concentrations SP-D was more effective at 

neutralising IAV infection in A549 versus TT1 cells. According to the IC50 

values SP-D was 15.5 times more effective at neutralising IAV X-79 than SP-A in 

A549 cells and 15.9 times more effective in TT1 cells. Whereas in MDCK cells 

SP-D was 21 times more effective at neutralising X-79 infection than SP-A.  

In order to determine the effects of nanoparticles and surfactant proteins 

on influenza infection in macrophages a macrophage cell line had to be 

optimised for use with influenza. As the other cells optimised for these 

experiments were derived from humans, human macrophage cells were wanted 

to maintain species specificity within these experiments. As the macrophage 

like cells used in previous chapters, RAW264.7 cells are murine derived a 

human alternative was found. THP-1 cells are a human leukemic monocytic cell 

line which grow in suspension and can be differentiated into macrophage like 

cells using agents such as PMA or VD3 (1,25-dihydroxyvitamin D3) [345]. PMA 

was chosen as a differentiation agent as it is one of the most commonly used in 

the literature and has been shown to result in enhanced markers of macrophage 

differentiation as compared to other agents such as VD3 [346]. A number of 

differentiation protocols have been described in the literature and different 

resulting phenotypes have also been described. In one study PMA 

differentiated cells phagocytosed less latex beads than human monocytes; in 

this study a non-significant increase in CD14 expression was also reported [347]. 

In another study PMA differentiation resulted in enhanced phagocytic activity 
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and increased CD11b and CD14 expression compared with untreated cells [346]. 

Several markers of macrophage differentiation were therefore characterised 

following PMA differentiation to ensure optimal differentiation of these 

monocytic cells to macrophage like cells. It has been reported that before PMA 

induces the differentiation of THP-1 cells, PMA must inhibit cell growth 

through inducing G1 arrest in the cell cycle [348]. The proliferation of cells 

following PMA differentiation was therefore, examined in this study using cell 

counts. The results confirm that PMA inhibits cell proliferation at a 

concentration of 10nM. A higher concentration of 100nM resulted in a 50% 

reduction in cell numbers compared to the number of cells plated which may 

indicate toxicity of this treatment. Consistent with previous studies, PMA 

differentiated cells became adherent within 24 hours of treatment and 

developed macrophage-like morphology with 10nM PMA treatment [349, 350]. 

The granularity of the cells significantly increased following PMA 

differentiation which is consistent with previous studies [347, 350]. However, 

the cell size did not significantly increase. This may be due to loss of the 

filipodia like projections and cell rounding following cell trypsinisation.            

CD14 is a 55kDa glycoprotein found on the surface of monocytes, 

macrophages and on a lesser extent on neutrophils. CD14 plays an important 

role in recognising bacterial challenge as it binds bacterial LPS and through a 

complex with TLR4 activates NF-κB intracellular signalling. A number of 

studies have shown that differentiation of THP-1 cells into macrophage like 

cells results in up-regulation of this differentiation marker [346, 347, 351]. The 

current study supports these findings in showing an increase in the CD14 

expression on THP-1 cells treated with 10nM PMA. CD11b is a cell adhesion 

molecule commonly used as a marker of macrophage differentiation.  In this 

study 10nM PMA resulted in increased CD11b expression, consistent with 

macrophage differentiation [346].  
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One of the most important functions of macrophages is their ability to 

phagocytose microbial challenges. The phagocytic capacity of monocytes is 

typically increased following monocyte-macrophage differentiation. However, 

as mentioned previously different effects of PMA differentiation on THP-1 

phagocytic ability have been reported previously. It was therefore, important to 

characterise the effect of PMA differentiation on the ability of THP-1 cells to 

phagocytose a bacterial challenge. In this study, E. coli bioparticles labelled with 

a pH sensitive dye was used to assess the phagocytic capacity of THP-1 cells 

following PMA differentiation. The pH sensitivity of the dye means that only 

bioparticles within the acidic environment of the lysosome will fluoresce. The 

results show that 10nM PMA resulted in a 3 fold enhancement in the uptake of 

these bacterial particles. Due to the culmination of these results, 10nM PMA 

treatment for 72 hours was chosen as the treatment to differentiate THP-1 cells 

into macrophage like cells.      

Previous studies have shown that macrophages and monocytes are 

susceptible to IAV infection [329]. The ability of influenza to productively 

replicate in macrophages is widely disputed in the literature. Some studies have 

shown that although IAV can infect and produce viral proteins within 

macrophages the replicative cycle is abortive and progeny virions are not 

produced [352, 353]. Whereas other studies have reported that IAV infection of 

macrophages can result in productive virus replication [354, 355]. On the other 

hand strains of IAV which have been shown to reproduce ineffectively in 

alveolar macrophages could productively replicate in peripheral blood derived 

monocytes (PBDM) [354]. In this study a concentration gradient of virus were 

conducted in differentiated (10nM PMA) and non-differentiated THP-1 cells. 

The results showed that non-differentiated cells infected more readily than their 

differentiated counter parts which may be due to differences in the cell surface 

receptors. The differentiated THP-1 cells infected to a similar degree than the 
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A549 and TT1 cells and therefore, a concentration of 2.23 x105FFU/mL will be 

used for the reduction assays for all three cell lines. The same concentration of 

proteins for these cell lines will also be used for these experiments to ensure that 

the results can be directly compared between the cell lines.  
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: Nanoparticles modulate Surfactant Protein A Chapter 5

and D neutralisation of Influenza A infection in vitro.  

  Introduction 5.1.

Numerous epidemiological and toxicological studies have shown that 

enhanced exposure to airborne particulates can enhance susceptibility, severity 

and/or resolution of pulmonary infections [215, 216, 221, 222].  These effects are 

especially evident in individuals with existing pulmonary conditions such as 

chronic obstructive pulmonary disease or other at risk groups such as the 

elderly and young children [216, 217]. Surfactant Proteins A and D have been 

reported to associate with nanoparticles and this interaction has been shown to 

alter the cellular uptake of these nanoparticles (Chapter 3 and [266, 267, 291]). It 

was therefore hypothesised that the interaction between nanoparticles and SP-A 

and SP-D could lead to a deficiency in these innate immune molecules and 

enhanced susceptibility to infection.  In order to test this hypothesis an in vitro 

infection model, optimised in Chapter 4, was used to determine the effect of 

100nm U-PS and A-PS particles on the SP-A and SP-D mediated neutralisation 

of influenza virus. This was conducted in three cell lines, TT1, A549 and 

differentiated THP-1 cells to reflect the major cell types found in the alveolar 

epithelium, namely the alveolar type I and type II cells and the alveolar 

macrophages.   
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  Methods 5.2.

 Cell culture 5.2.1.

A549, TT1 and THP-1 cells were routinely sub-cultured as described 

previously in Chapter 4. TT1 and THP-1 cells were kindly provided by 

Professor Terry Tetley and Liku Tezera respectively.  

 IAV infection  5.2.2.

 Plating cells 5.2.2.1

A549 and TT1 cells (0.3mL) were seeded at a density of 4.16x105/mL in 48 

well plates (Corning, UK). The cells were incubated for 24 hours in relevant 

growth medium then serum starved for 24 hours in serum free RPMI. THP-1 

cells (0.3mL) were seeded at a density of 4.16x105/mL in 48 well plates in 

growth medium containing 10nM PMA and incubated at 37°C 5% CO2 in a 

humidified atmosphere for 72 hours as described in Chapter 4. The cells were 

then serum starved for 24 hours in SF RPMI.  

 Preparing IAV/NP/protein inoculum 5.2.2.2

Fluorescent orange A-PS (100nm; Sigma, UK) or green U-PS (100nm; 

Polysciences, UK) particles were prepared at three times the final concentration 

in TBS with 5mM calcium. SP-A, SP-D (1.7mDa), rfhSP-D and BSA were also 

prepared in TBS with 5mM calcium at three times the final concentration. Equal 

volumes of NP suspension and protein suspensions were added to 48 well 

plate, the plate was gently agitated and incubated at 37°C for 1 hour. IAV was 

prepared at three times the final concentration (2.23x105 FFU/mL) in TBS with 

calcium and then added to the NP and protein suspension. The inoculum was 

then incubated for a further hour at 37°C.   
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 Infecting cells 5.2.2.3

The medium was removed from the serum starved cells and replaced 

with the inoculum from section 5.2.2.2. The cells were then incubated for 1 hour 

at 37°C 5% CO2 in a humidified atmosphere. The cells were washed three times 

in SF RPMI and the cells were then incubated in fresh SF RPMI (0.5mL) for 18 

hours at 37°C 5% CO2 in a humidified atmosphere. Following this period, the 

cells were trypsinsed, fixed, stained and analysed by flow cytometry as 

described in Chapter 4.  

 Clonogenic assay 5.2.3.

TT1 cells (3mL) were seeded in growth medium at a density of 2x102 cells 

/mL in 6 well plates and incubated for 24 hours at 37°C 5% CO2 in a humidified 

atmosphere. The medium was then removed and replaced with 100nm A-PS or 

U-PS particles in TBS with calcium at the indicated concentrations which had 

been pre-incubated for 2 hours at 37°C. The cells were then incubated for 1 hour 

with the particles and then the medium was replaced with fresh growth 

medium and incubated for 7 days undisturbed. The cells were then stained 

using crystal violet staining solution and the colonies counted as described in 

Chapter 3.   

 MTT assay 5.2.4.

A549 and TT1 cells were seeded at a density of 8x103 cells per well in the 

appropriate growth medium in Nuncalon 96 well plates (Fisher, UK). This 

density of cells was shown in Chapter 4 to result in a sub-maximal production 

of formazan. The cells were then incubated for 24 hours at 37°C 5% CO2 in a 

humidified atmosphere then serum starved for a further 24 hours in SF RPMI. 

The cells were then exposed to A-PS or U-PS particles in TBS with 5mM calcium 
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which had been pre-incubated for 1 hour at 37°C and then for a further hour 

with IAV (2.23x105 FFU/mL) as described in section 5.2.2.2.   

 Statistics 5.2.5.

Relative infection rates, relative mean fluorescence intensity (MFI) and 

the percent of nanoparticle positive (%NP+) cells are reported as mean values. 

Differences between two treatments were determined using the Mann-Whitney 

U test. p values of ≤0.05 were considered statistically significant. p values were 

determined using the Mann-Whitney U test unless otherwise stated. Infection 

rates and nanoparticle uptake were normalised for each experiment prior to 

analysis. The ability of the particles to modify surfactant protein neutralisation 

was calculated using the following formula;  

Equation 3:  Relative change in IAV neutralisation (%) = ((B – A) / A) x 100 

Where B is the percent of uninfected cells in the NP, protein and IAV treatment 

and A is the percent of uninfected cells in the appropriate IAV and protein 

control.  

  Results 5.3.

In this study concentrations of 5µg/mL nhSP-A and 0.4µg/mL nhSP-D 

were chosen which have previously been shown in Chapter 4 to induce a 

submaximal inhibition of IAV infection. Thus any nanoparticle induced 

modulation in the ability of these proteins to neutralise infection may be 

detected. Nanoparticles were initially pre-incubated with proteins for one hour 

then influenza was added to the inoculum and incubated for a further hour. 

This procedure was chosen in order to test the hypothesis that NP would 

sequester surfactant proteins and thereby attenuate their ability to neutralise 

infection. Incubations were conducted in Tris buffered saline containing 5 mM 
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calcium, sufficient for the lectin functionality of the collectins. This buffer was 

shown not to alter cell viability or influenza infection rates compared to serum 

free RPMI media (see Chapter 4). The effect of nanoparticles on rfhSP-D 

mediated neutralisation was examined in order to determine whether 

nanoparticles could enhance the therapeutic potential of this protein. Bovine 

serum albumin (BSA) was used to determine the effect of a non-specific protein 

on influenza infection and nanoparticle uptake in these experiments.  

 Effect of Surfactant Proteins on IAV infection 5.3.1.

Three cell lines were used to study the effect of nanoparticles on SP-A 

and SP-D mediated neutralisation of influenza A virus (IAV). These cells were 

the alveolar type I (ATI) like epithelial TT1 cells, the ATII like A549 cell line and 

a macrophage like (THP-1) cell line. These cells represent the predominant cell 

types found in the alveolus [16]. All THP-1 cells used in these experiments were 

differentiated for 72 hours with PMA. This treatment was shown in Chapter 4 

to induce a macrophage like phenotype including enhanced CD11b and CD14 

expression, increased phagocytic ability, loss of proliferative potential and 

development of filopodia like projections.  

nhSP-A and nhSP-D significantly reduced X-79 IAV infection in each of 

the cell lines studied. These reductions are summarised in Figure 5.1A and B 

and Table 5.1. The pre-incubation of nhSP-A with IAV resulted in 16.5%, 31.6% 

and 36% reductions in IAV infection in THP-1, TT1 and A549 cells respectively. 

Each of these differences was highly statistically significant with p values of 

≤0.001. nhSP-D resulted in highly significant 34.6%, 36.5% and 58.8% reductions 

in IAV infection in THP-1, TT1 and A549 cells (p<0.001). The pre-incubation of 

rfhSP-D attenuated IAV infection by 11.8% and 6.5% in A549 cells and TT1 cells 

respectively. These reductions were highly statistically significant with 

respective p values of <0.001 and 0.007 (see Figure 5.1C). IAV infection was also 
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reduced in THP-1 cells following pre-incubation with rfhSP-D. However, this 

5.2% reduction was not statistically significant (p=0.132). BSA had no significant 

effect on IAV infection in THP-1, A549 or TT1 cells at the dose studied (see 

Figure 5.1D and Table 5.1).   

  The efficacy of surfactant proteins on IAV neutralisation was also 

compared between these cell lines. Figure 5.1 shows that the attenuation of IAV 

infection by SP-A and SP-D was greatest in the A549 cell line followed by TT1 

then THP-1 cells (A549>TT1>THP-1). In the case of SP-A only the difference 

between A549 and THP-1 was statistically significant with an associated p value 

of 0.01. In the case of SP-D, the difference between A549 and THP-1 as well as 

A549 and TT1 were statistically significant (p=0.003 and p=0.005 respectively). 

Interestingly, the attenuation of IAV by rfhSP-D in these cell lines was also of 

the order A549>TT1>THP-1. However, there was no statistical significance 

between these variations.   

 

A549 TT1 THP-1 

Mean p value # Mean p value# Mean p value# 

SP-A 62.1 <0.001 70.3 <0.001 79.5 0.001 

SP-D 41.1 <0.001 60.6 <0.001 65.8 <0.001 

rfhSP-D 88.9 <0.001 93.6 0.007 92.6 0.132 

BSA 101.2 0.616 97.7 0.073 111.2 0.132 

 Table 5.1: Relative infection rates in A549, TT1 and THP-1 cells following 

pre-incubation with proteins 

# Mann-Whitney U test compared to IAV only control. Significant values in bold. 
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Figure 5.1: Comparing the efficacies of surfactant proteins on influenza 

infection between A549, TT1 cells and differentiated THP-1. Effect of A. nhSP-A 

(5µg/mL); B. nhSP-D (0.4 µg/mL); C. rfhSP-D (5 µg/mL) and D. BSA (5 µg/mL) Data represents 

mean (black horizontal line) of at least six independent experiments conducted in duplicate. 

Statistics determined using Mann-Whitney U test; *** p<0.001 vs. IAV control; **p<0.01 vs. IAV 

control; # p<0.05 vs. A549 protein control; ## p<0.01 vs. A549 protein control.  

 Nanoparticles, surfactant proteins and IAV infection 5.3.2.

 Effect of U-PS on IAV infection 5.3.2.1

The effect of 100nm cationic A-PS and anionic U-PS nanoparticles on 

influenza infection in these cell lines was examined in the A549, TT1 and THP-1 

cell lines. The pre-incubation of 100nm U-PS with IAV had no significant effect 

on IAV infection in A549 cells at any of the NP concentrations studied; 0.0016, 

0.04, 1 or 5 cm2/mL (see Table 5.2). In TT1 cells, the pre-incubation of 100nm U-

PS particles with IAV tended to result in reduced infection. The pre-incubation 

of 0.04 cm2/mL U-PS with IAV resulted in a 7.3% reduction in infection in TT1 
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cells compared to IAV alone. This was statistically significant with an associated 

p value of 0.037. Pre-incubation of 0.0016, 1 and 5 cm2/mL U-PS with IAV 

resulted in 1.6%, 7.8% and 5% non-significant reductions in IAV infection in 

TT1 cells  (p=0.487 for each). In THP-1 cells, the pre-incubation of U-PS particles 

with IAV tended to increase infection in these cells. However, these increases 

were not statistically significant (see Table 5.2). For ease of comparison the 

effect of the nanoparticles on influenza infection are graphically represented 

against each individual protein tested. As the incubation of 0.04 cm2/mL U-PS 

with IAV resulted in a significant reduction in the IAV infection in TT1 cells, the 

effect of proteins on this treatment will be directly compared to the nanoparticle 

and IAV treatment.  
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Treatment NP concentration (cm2/mL) 

A549 cells  0 0.0016 0.04 1 5 

U-PS 
Mean 100.0 100.4 97.0 98.7 100.2 

p value - 0.219 b 0.219 b 0.219 b 1.000 b 

U-PS + SP-A 
Mean 65.5 73.5 74.1 63.4 48.8 

p value 0.019 a 0.050 b 0.050 b 0.275 b 0.050 b 

U-PS + SP-D 
Mean 44.7 48.6 44.2 45.3 13.9 

p value 0.014 a 0.386 b 0.773 b 1.000 b 0.021 b 

U-PS + rfhSP-D 
Mean 86.9 90.4 91.9 91.9 85.5 

p value 0.019 a 0.827 b 0.513 b 0.275 b 0.827 b 

U-PS + BSA 
Mean 101.8 108.6 100.3 99.1 98.8 

p value 0.435 a 0.275 b 0.827 b 0.827 b 0.513 b 

TT1 cells       

U-PS 
Mean 100.0 98.4 92.7 92.2 95.0 

p value - 0.487 b 0.037 b 0.487 b 0.487 b 

U-PS + SP-A 
Mean 73.6 67.7 63.8 74.4 60.6 

p value 0.037 a 0.513 b 0.513 b 0.827 b 0.127 b 

U-PS + SP-D 
Mean 60.1 69.1 78.8 59.7 16.3 

p value 0.037 a 0.513 b 0.050 b 0.827 b 0.050 b 

U-PS + rfhSP-D 
Mean 92.7 98.7 93.7 92.1 95.2 

p value 0.037 a 0.513 b 0.658 b 0.827 b 0.513 b 

U-PS + BSA 
Mean 99.7 92.5 94.0 88.1 101.7 

p value 0.487 a 0.513 b 0.827 b 0.513 b 0.827 b 

THP-1 cells       

U-PS 
Mean 100.0 112.4 105.6 106.3 102.0 

p value - 0.219 b 0.219 b 0.219 b 1.000 b 

U-PS + SP-A 
Mean 90.0 97.0 101.5 91.5 98.1 

p value 0.014 a 0.564 b 0.149 b 0.386 b 0.564 b 

U-PS + SP-D 
Mean 68.4 70.7 75.6 67.1 46.4 

p value 0.014 a 0.386 b 0.386 b 0.773 b 0.021 b 

U-PS + rfhSP-D 
Mean 89.6 89.3 95.9 101.7 90.3 

p value 0.435 a 0.827 b 0.827 b 0.513 b 0.827 b 

U-PS + BSA 
Mean 111.7 109.2 86.2 103.9 90.6 

p value 0.435 a 0.827 b 0.275 b 0.827 b 0.275 b 

Table 5.2: Relative Infection following influenza pre-incubation with U-PS 

and proteins. a p values determined using Mann-Whitney U test versus protein free control; b 

p values determined using Mann-Whitney U test versus nanoparticle free protein containing 

control. 
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 Effect of U-PS on SP-A mediated IAV neutralisation 5.3.2.1.1.

In A549 cells, a biphasic modulation of SP-A mediated IAV 

neutralisation was observed following the pre-incubation with 100nm U-PS. 

The pre-incubation of low concentrations of 100nm U-PS particles with nhSP-A 

resulted in an increase in infection rates in A549 cells compared to when IAV 

was incubated with SP-A alone (see Figure 5.2A). There were significant 8.0% 

and 8.6% increases in relative infection rates in A549 cells following pre-

incubation of SP-A with 0.0016 cm2/mL and 0.04 cm2/mL U-PS. These 

differences were statistically significant with associated p values of 0.050 (see 

Table 5.2). These differences represent 23.2% and 24.9% relative decreases in the 

ability of nhSP-A to neutralise IAV infection. The pre-incubation of 5 cm2/mL U-

PS with nhSP-A resulted in a 16.7% reduction in IAV infection compared to the 

IAV and SP-A control. This difference was statistically significant with a p value 

of 0.050. This represents a 48.4% increase in the ability of nhSP-A to neutralise 

IAV infection (see Table 5.2).  

In TT1 cells, pre-incubation of 100nm U-PS with nhSP-A had no 

significant effect on IAV infection rates (see Table 5.2). The pre-incubation of 5 

cm2/mL of U-PS with nhSP-A resulted in a 13% reduction in IAV infection in 

TT1 cells compared to the protein control, which represents a 49.2% increase in 

the ability of nhSP-A to neutralise IAV infection; however this modification did 

not reach statistical significance (p=0.127; see Figure 5.2B). The addition of SP-A 

to the 0.04cm2/mL U-PS and IAV treatment resulted in a 28.9% reduction in IAV 

infection. This was statistically significant with an associated p value of 0.050.  

In differentiated THP-1 cells, U-PS tended to result in increases in the 

IAV infection compared to nhSP-A in the absence of particles. However, these 

differences were not statistically significant (see Table 5.2 and Figure 5.2C).  
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Figure 5.2: Effect of 100nm U-PS on nhSP-A mediated neutralisation in A. 

A549; B. TT1 and C. THP-1 cells; Horizontal line represents mean of at least three 

independent experiments conducted in duplicate. Statistics determined using Mann-Whitney U 

test where *p≤0.050 compared to relative infection in particle free protein control; #p≤0.050 

versus IAV alone.  
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 Effect of U-PS on SP-D mediated IAV neutralisation 5.3.2.1.2.

 In A549 cells, pre-incubation of nhSP-D with 0.0016 cm2/mL U-PS resulted 

in a 3.9% increase in IAV infection compared to the IAV and SP-D control. 

However, this increase was not statistically significant with an associated p 

value of 0.386. Concentrations of 0.04 and 1 cm2/mL of U-PS had no significant 

effect on the nhSP-D mediated inhibition of IAV infection with less than a 2% 

difference in the mean values between these concentrations and the control 

(p=0.773 and p=1.000 respectively). Pre-incubation of 5 cm2/mL U-PS with nhSP-

D resulted in a 30.8% reduction in infection compared to SP-D and IAV alone. 

This difference was statistically significant with an associated p value of 0.021 

(refer to Figure 5.3A). This represents a 55.7% relative increase in the inhibition 

of IAV infection compared to nhSP-D. (see Table 5.1) 

 In TT1 cells, a biphasic modulation of SP-D mediated IAV neutralisation 

was observed. The pre-incubation of 0.04 cm2/mL U-PS with nhSP-D resulted in 

a significant 18.7% increase in IAV infection compared to the nhSP-D and IAV 

control (p=0.050). This represents a 46.9% decrease in the ability of SP-D to 

neutralise IAV infection in this cell line (see Equation 3). However, the level of 

infection in this triple treatment was still significantly reduced by 13.9% 

compared to the IAV and NP treatment (p=0.050). Pre-incubation of 0.0016 

cm2/mL with nhSP-D resulted in a 9% increase in the mean infection levels 

compared to SP-D alone; however, this increase was not statistically significant 

with an associated p value of 0.513. Pre-incubation of 1 cm2/mL had no 

significant effect on nhSP-D mediated IAV reduction in TT1 cells (p=0.827). The 

highest concentration of U-PS studied, 5 cm2/mL, resulted in a significant 43.8% 

reduction in relative infection rates compared to the absence of U-PS (p=0.050; 

refer to Figure 5.3B and Table 5.2)). This represents a 109.8% relative increase in 

the inhibition of infection rates compared to nhSP-D). 
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 In differentiated THP-1 cells, pre-incubation of 0.04 cm2/mL U-PS with 

nhSP-D enhanced the mean infection rate by 7.2% compared to the NP and SP-

D treatment. However, this difference was not statistically significant with a p 

value of 0.386. Pre-incubation of 0.0016 or 1 cm2/mL U-PS with nhSP-D had no 

significant effect on IAV infection rates compared the nhSP-D control (p=0.386 

and p=0.773 respectively). Pre-incubation of 5 cm2/mL of U-PS with nhSP-D 

resulted in a 22% reduction in IAV infection compared to the nhSP-D and IAV 

control. This was statistically significant with an associated p value of 0.021 

(refer to Figure 5.3C and Table 5.2). This represents a 69.6% relative increase in 

the inhibition of infection compared to that of nhSP-D alone.).   
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Figure 5.3: Effect of U-PS on nhSP-D mediated IAV neutralisation in A. A549; 

B. TT1 cells; and C. THP-1 cells. Horizontal line represents mean of at least three 

independent experiments conducted in duplicate.  Statistics determined using Mann-Whitney U 

test where *p≤0.050 versus relative infection in particle free protein control; #p≤0.050 versus IAV 

alone.  
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 Effect of U-PS on rfhSP-D mediated IAV neutralisation 5.3.2.1.3.

In A549 cells, the pre-incubation of 100nm U-PS with rfhSP-D at 

concentrations up to and including 1 cm2/mL tended to cause an increase in 

IAV infection. The pre-incubation of 5 cm2/mL U-PS with rfhSP-D reduced IAV 

infection by 1.3% compared to rfhSP-D alone. However, these differences were 

not statistically significant (see Table 5.2 and Figure 5.4A).  

In TT1 cells, the pre-incubation of 0.0016 cm2/mL and 5 cm2/mL with 

rfhSP-D resulted in 6% and 2.5% respective increases in IAV infection 

compared to the rfhSP-D control. However, these increases were not 

statistically significant with p values of 0.513 for each comparison. The pre-

incubation of 0.04 cm2/mL and 1 cm2/mL with rfhSP-D had no effect on IAV 

infection in TT1 cells compared to the rfhSP-D control (see Table 5.2 and Figure 

5.4B). There was also no significant difference in the IAV infection following the 

addition of rfhSP-D to the 0.04cm2/mL U-PS and IAV treatment (p=0.827). 

In differentiated THP-1 cells 0.04 and 1 cm2/mL U-PS pre-incubation 

with rfhSP-D resulted in 6.3% and 12.1% increases in IAV infection. However, 

these differences were not statistically significant with associated p values of 

0.827 and 0.513 respectively (see Table 5.2 and Figure 5.4C).   

 Effect of U-PS and BSA on IAV infection 5.3.2.1.4.

In A549 cells there were less than 3% non-significant differences in the 

mean infection rates following pre-incubation of 0.04, 1, and 5 cm2/mL with 

BSA compared to the BSA control (see Figure 5.5A and Table 5.2). Pre-

incubation of 0.0016 cm2/mL 100nm U-PS with BSA resulted in a 6.8% increase 

in IAV infection in A549 cells compared to the BSA control. This increase was 

not statistically significant with an associated p value of 0.275.  
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In TT1 cells, 0.0016, 0.04 and 1 cm2/mL U-PS pre-incubation with BSA 

resulted in 7.2, 5.7 and 11.7% respective non-significant reductions in IAV 

infection compared to the BSA and IAV control. The addition of BSA to the 

0.04cm2/mL U-PS and IAV treatment resulted in a non-significant 1.3% increase 

in IAV infection (p=0.513)  Pre-incubation of 5 cm2/mL U-PS enhanced IAV 

infection in TT1 cells by 2% compared to the protein control. However, this 

increase was not statistically significant (see Figure 5.5B and Table 5.2).  

In differentiated THP-1 cells, pre-incubation of U-PS with BSA tended to 

result in reduced IAV infection compared to the BSA and IAV controls. 

However, these reductions were not statistically significant (see Figure 5.5C and 

Table 5.2).  



 Chapter 5: NP modulate IAV neutralisation by SP-A/D 

167  

 

Figure 5.4: Effect of U-PS on rfhSP-D mediated IAV neutralisation in A. A549; 

B. TT1 cells; and C. THP-1 cells. Horizontal line represents mean of at least three 

independent experiments conducted in duplicate. Statistics determined using Mann-Whitney U 

test where *p≤0.050 compared to relative infection in particle free protein control; #p≤0.050 

versus IAV alone. 
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Figure 5.5: Effect of U-PS and BSA on IAV infection in A. A549; B. TT1 cells; 

and C. THP-1 cells. Horizontal line represents mean of at least three independent 

experiments conducted in duplicate. Statistics determined using Mann-Whitney U test where 

*p≤0.050 compared to relative infection in particle free protein control; #p≤0.050 versus IAV 

alone. 
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 Effect of A-PS on IAV infection 5.3.2.2

In A549 cells 100nm A-PS resulted in a dose dependent decrease in IAV 

infection, with 0.0016, 0.04, and 1cm2/mL resulting in 2%, 4%, and 7.4% 

respective reductions in IAV infection. However, these differences were not 

statistically significant with p values of 1.000, 0.219 and 0.219 respectively. A-PS 

particles at 5cm2/mL resulted in a significant 33.2% reduction in IAV infection in 

A549 cells (p=0.014). In TT1 cells 5 cm2/mL of 100nm A-PS resulted in a 19.8% 

reduction in IAV infection. This was highly statistically significant with an 

associated p value of 0.005. Lower A-PS concentrations (0.0016, 0.04 and 

1cm2/mL) had ≤2.5% modulatory effect on the mean IAV infection in TT1 cells. 

However, these differences were not statistically significant (see Table 5.3). In 

THP-1 cells A-PS particles had no significant effect on IAV infection at the 

studied concentrations (see Table 5.3). As the 5cm2/mL and IAV treatment 

resulted in significant reductions in the IAV infection in A549 and TT1 cells, the 

infection rates following the addition of protein to these treatments will be 

directly compared to the relevant NP and IAV co-treatment.  
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Treatment  NP concentration (cm2/mL) 

A549 cells  0 0.0016 0.04 1 5 

A-PS 
Mean 100.0 98.0 96.0 92.6 66.8 

p value - 1.000 b 0.219 b 0.219 b 0.014 b 

A-PS + SP-A 
Mean 53.3 52.5 53.6 60.6 46.8 

p value 0.019 a 0.513 b 0.827 b 0.513 b 0.513 b 

A-PS + SP-D 
Mean 37.6 45.7 42.5 42.5 33.3 

p value 0.019 a 0.043 b 0.248 b 0.248 b 0.248 b 

A-PS + rfhSP-D 
Mean 90.5 88.6 88.2 93.9 73.9 

p value 0.014 a 0.564 b 1.000 b 1.000 b 0.021 b 

A-PS + BSA 
Mean 101.1 110.1 102.9 101.5 82.0 

p value 0.219 a 0.513 b 0.827 b 0.827 b 0.275 b 

TT1 cells       

A-PS 
Mean 100.0 102.5 101.2 102.5 80.2 

p value - 0.577 b 0.095 b 0.577 b 0.005 b 

A-PS + SP-A 
Mean 63.0 69.0 74.0 69.7 57.3 

p value 0.007 a 0.248 b 0.021 b 0.386 b 0.386 b 

A-PS + SP-D 
Mean 60.9 54.0 55.2 55.5 46.6 

p value 0.016 a 0.251 b 0.602 b 0.465 b 0.076 b 

A-PS + rfhSP-D 
Mean 90.4 96.9 89.5 84.3 81.3 

p value 0.007 a 0.248 b 0.773 b 0.386 b 0.386 b 

A-PS + BSA 
Mean 96.6 105.2 101.7 97.9 89.0 

p value 0.180 a 0.117 b 0.465 b 0.917 b 0.602 b 

THP-1 cells       

A-PS 
Mean 100.0 101.4 99.9 101.9 96.2 

p value - 0.219 b 1.000 b 1.000 b 0.219 b 

A-PS + SP-A 
Mean 72.0 80.2 72.1 68.5 74.4 

p value 0.019 a 0.127 b 0.827 b 0.827 b 0.827 b 

A-PS + SP-D 
Mean 63.1 69.4 60.5 64.3 64.1 

p value 0.014 a 0.386 b 0.885 b 1.000 b 0.885 b 

A-PS + rfhSP-D 
Mean 93.1 100.4 92.4 90.2 89.7 

p value 0.019 a 0.127 b 0.513 b 0.275 b 0.513 b 

A-PS + BSA 
Mean 102.0 108.2 103.5 84.2 100.6 

p value 0.435 a 0.513 b 0.827 b 0.513 b 0.513 b 

Table 5.3: Relative Infection following influenza pre-incubation with A-PS 

and proteins. a p values determined using Mann-Whitney U test versus protein free control;  
b p values determined using Mann-Whitney U test versus nanoparticle free protein containing 

control. Significant values in bold.  
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 Effect of A-PS on SP-A mediated IAV neutralisation 5.3.2.2.1.

Pre-incubation of 0.0016 or 0.04 cm2/mL of 100nm A-PS with nhSP-A had 

less than a 1% non-significant modulatory effect on the mean relative infection 

levels in A549 cells compared with the nhSP-A control (see Table 5.3 and Figure 

5.6A). In A549 cells, the pre-incubation of 1 or 5 cm2/mL A-PS with nhSP-A 

resulted in a 7.3% increase and 6.5% reduction respectively in IAV infection 

compared to the IAV and SP-A control. However, these differences were not 

statistically significant with associated p values of 0.513. The addition of SP-A 

to the 5 cm2/mL A-PS and IAV treatment resulted in a 20% reduction in the 

IAV; however, this reduction did not reach statistical significance with an 

associated p value of 0.077.   

In TT1 cells, pre-incubation of 0.0016 and 1 cm2/mL A-PS with nhSP-A 

resulted in 6.0% and 6.7% respective increases in IAV infection. However, these 

differences were not statistically significant with p values of 0.248 and 0.386 

respectively. Pre-incubation of 0.04 cm2/mL with nhSP-A resulted in an 11.0% 

increase in IAV infection in TT1 cells compared to the SP-A control. This 

increase was statistically significant with an associated p value of 0.021 (see 

Table 5.3 and Figure 5.6B). This represents a 29.7% reduction in the ability of 

nhSP-A to neutralise IAV infection. Incubation of 5 cm2/mL A-PS with nhSP-A 

resulted in a 5.7% non-significant decrease in IAV infection compared to the 

nhSP-A control (p=0.386). The addition of SP-A to the 5 cm2/mL A-PS and IAV 

treatment resulted in a 22.9% reduction in IAV infection. This reduction was 

statistically significant with an associated p value of 0.014.   

 In differentiated THP-1 cells pre-incubation of A-PS at concentrations of 

0.0016 or 5 cm2/mL with nhSP-A resulted in 8.2% and 2.4% respective increases 

in IAV infection compared to the SP-A control. Pre-incubation of 1 cm2/mL A-

PS with nhSP-A resulted in a 3.5% reduction in IAV infection compared to the 
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SP-A and IAV control. However, these differences were not statistically 

significant (see Table 5.3 and Figure 5.6C). 

 Effect of A-PS on SP-D mediated IAV neutralisation 5.3.2.2.2.

In A549 cells, pre-incubation of 0.0016 cm2/mL A-PS with nhSP-D 

resulted in a 8.1% increase in IAV infection compared to the nhSP-D control. 

This difference was statistically significant with an associated p value of 0.043 

(see Figure 5.7A and Table 5.3). This represents a 13.0% reduction in the 

capability of nhSP-D to neutralise IAV infection. Pre-incubation of 0.04 and 1 

cm2/mL of A-PS resulted in 4.9% increases in IAV infection in A549 cells over 

the nhSP-D control. However, these differences were not statistically significant 

with p values of 0.248. Pre-incubation of 5 cm2/mL A-PS with nhSP-D resulted 

in a 4.3% reduction in IAV infection in A549 cells compared with compared 

with nhSP-D alone. This difference was not statistically significant with an 

associated p value of 0.248. The addition of SP-D to the 5 cm2/mL A-PS and IAV 

treatment resulted in a significant 33.5% reduction in IAV infection (p=0.021). 

In TT1 cells, pre-incubation of A-PS with nhSP-D tended to result in 

reduced IAV infection compared to the IAV and SP-D control. However, these 

reductions were not statistically significant (see Figure 5.7B and Table 5.3). The 

addition of SP-D to the 5 cm2/mL A-PS and IAV treatment resulted in a 33.6% 

reduction in IAV infection. This difference was highly statistically significant 

with an associated p value of 0.009. 

In differentiated THP-1 cells, pre-incubation of 0.0016cm2/mL A-PS with 

nhSP-D resulted in a non-significant 6.3% relative increase in the mean infection 

levels compared to the nhSP-D control (p=0.386). Pre-incubation of 0.04, 1 and 5 

cm2/mL A-PS resulted in a less than a 3% modulatory effect in IAV infection 

compared to the IAV and nhSP-D control. These differences were not 

statistically significant (see Figure 5.7C and Table 5.3C). 
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Figure 5.6: Effect of A-PS on nhSP-A mediated IAV neutralisation in A. A549; 

B. TT1 cells; and C. THP-1 cells. Horizontal line represents mean of at least three 

independent experiments conducted in duplicate. Statistics determined using Mann-Whitney U 

test where *p≤0.050 compared to relative infection in particle free protein control; #p≤0.050 

versus IAV alone. 
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Figure 5.7: Effect of A-PS on nhSP-D mediated IAV neutralisation in A. A549; 

B. TT1 cells; and C. THP-1 cells. Horizontal line represents mean of at least three 

independent experiments conducted in duplicate. Statistics determined using Mann-Whitney U 

test where *p≤0.050 versus nanoparticle free protein control; #p≤0.050 versus IAV alone.  
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 Effect of A-PS on rfhSP-D mediated IAV neutralisation 5.3.2.2.3.

In A549 cells, pre-incubation of 0.0016 or 0.04 cm2/mL A-PS with rfhSP-D 

resulted in 1.9% and 2.3% reductions in infection compared to rfhSP-D in the 

absence of particles. These differences were not statistically significant with 

associated p values of 0.564 and 1.000 respectively (see Figure 5.8A and Table 

5.3). Pre-incubation of 1 cm2/mL A-PS with rfhSP-D resulted in a 3.4% non-

significant increase in IAV infection compared with rfhSP-D (p=1.000).  Pre-

incubation of 5 cm2/mL of A-PS resulted in a 16.6% reduction in IAV infection; 

this was statistically significant with an associated p value of 0.021. This 

represented a non-significant increase of 7.1% in infection compared to 

influenza infection in cells with 5 cm2/mL A-PS without the addition of protein 

(p=0.564).  

In TT1 cells, 0.0016 cm2/mL A-PS with rfhSP-D resulted in a 6.5% 

increase in influenza infection compared to rfhSP-D. A-PS at concentrations of 

0.04, 1 and 5 cm2/mL when incubated with rfhSP-D resulted in 0.9%, 6.1% and 

9.1% reductions in IAV infection compared to rfhSP-D alone. These differences 

were not statistically significant (see Figure 5.7B and Table 5.3B).  IAV infection 

in TT1 cells when treated with 5 cm2/mL A-PS, IAV and rfhSP-D was 1.1% 

higher than those infected with this concentration of particles without protein. 

This difference was not statistically significant with an associated p value of 

1.000.  

In differentiated THP-1 cells, 0.0016 cm2/mL with rfhSP-D resulted in a 

7.3% increase in IAV infection compared to rfhSP-D in the absence of particles. 

However, this did not reach statistical significance with an associated p value of 

0.127. Concentrations of 0.04, 1 and 5 cm2/mL incubated with rfhSP-D resulted 

in 0.7%, 2.9% and 3.4% respective decreases IAV infection compared to rfhSP-D. 

These differences were not statistically significant with associated p values of 
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0.513, 0.275 and 0.513 respectively. Incubation of 5 cm2/mL A-PS with rfhSP-D 

resulted in a 6.5% reduction in infection compared to this particle concentration 

without rfhSP-D. This difference was not statistically significant with an 

associated p value of 0.289 (see Figure 5.7C and Table 5.3).  
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Figure 5.8: Effect of A-PS on rfhSP-D mediated IAV neutralisation in A. A549; 

B. TT1 cells; and C. THP-1 cells. Horizontal line represents mean of at least three 

independent experiments conducted in duplicate.  Statistics determined using Mann-Whitney U 

test where *p≤0.050 versus nanoparticle free protein control; #p≤0.050 versus IAV alone.  

N P  c o n c e n tra t io n  (c m
2
/m l)

R
e

la
ti

v
e

 I
n

fe
c

ti
o

n
 (

%
)

0 0 .0 0 1 6 0 .0 4 1 5

0

2 0

4 0

6 0

8 0

1 0 0

1 2 0

A -P S A -P S  a n d  r fh S P -D

N P  c o n c e n tra t io n  (c m
2
/m l)

R
e

la
ti

v
e

 I
n

fe
c

ti
o

n
 (

%
)

0 0 .0 0 1 6 0 .0 4 1 5

0

2 0

4 0

6 0

8 0

1 0 0

1 2 0

A -P S A -P S  a n d  r fh S P -D

N P  c o n c e n tra t io n  (c m
2
/m l)

R
e

la
ti

v
e

 I
n

fe
c

ti
o

n
 (

%
)

0 0 .0 0 1 6 0 .0 4 1 5

0

2 0

4 0

6 0

8 0

1 0 0

1 2 0

A -P S A -P S  a n d  r fh S P -D



Chapter 5: NP modulate IAV neutralisation by SP-A/D 

178 

 Effect of A-PS and BSA on IAV infection 5.3.2.2.4.

In A549 cells, pre-incubation of 0.0016, 0.04 and 1 cm2/mL with BSA 

resulted in 9%, 1.9% and 0.4% increases in infection compared to the BSA 

control.  5 cm2/mL A-PS resulted in a 19.1% reduction in IAV infection 

compared with the BSA control. These differences were not statistically 

significant (see Figure 5.9A and Table 5.3). There was a 15.2% increase in 

influenza infection in the 5 cm2/mL with BSA treatment compared to the 

particle and IAV treatment in the absence of BSA. This difference was not 

statistically significant with an associated p value of 0.289.  

In TT1 cells, pre-incubation of 0.0016, 0.04 and 1 cm2/mL resulted in 8.6%, 

5.1% and 1.3% respective non-significant increases in influenza infection 

compared with the BSA control (see Table 5.3).  Incubation of 5 cm2/mL A-PS 

with BSA resulted in a 7.6% reduction in influenza infection compared to the 

BSA control. These differences were not statistically significant (see Figure 

5.9B). Incubation of 5 cm2/mL A-PS with BSA resulted in an 8.8% increase in 

IAV infection in TT1 cells compared to this particle and IAV treatment in the 

absence of BSA. This difference was statistically significant with an associated p 

value of 0.047.  

In differentiated THP-1 cells, 0.0016 and 0.04 cm2/mL A-PS with BSA 

resulted in 6.2% and 1.5% respective increases in influenza infection compared 

to the BSA control. Concentrations of 1 and 5 cm2/mL resulted in 17.8% and 

1.4% respective decreases in influenza infection compared to the control. These 

differences were not statistically significant (see Figure 5.9C and Table 5.3). 

Incubation of 5 cm2/mL with BSA resulted in a 4.4% increase in influenza 

infection compared to this NP concentration in the absence of protein. This 

difference was not statistically significant with an associated p value of 0.480.   
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Figure 5.9: Effect of A-PS and BSA on IAV infection in A. A549; B. TT1 cells; 

and C. THP-1 cells. Horizontal line represents mean of at least three independent 

experiments conducted in duplicate. Statistics determined using Mann-Whitney U test where 

*p≤0.050 compared to relative infection in particle free protein control; #p≤0.050 versus IAV 

alone. 
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 Nanoparticle uptake 5.3.3.

Nanoparticle uptake was also examined in these experiments. 

Nanoparticle uptake was measured as the mean fluorescence intensity (MFI) 

and the percent of NP positive cells (%NP+) which reflect the number of 

nanoparticles within each cell and the number of nanoparticle containing cells 

respectively. The uptake of A-PS and U-PS particles was compared between the 

A549, TT1 and THP-1 cell lines. Due to the different dye intensities for the A-PS 

and U-PS particles the uptake of each particle were not compared between 

particles.  

The MFI of THP-1 and TT1 cells were 55.7% and 51.7% higher 

respectively following treatment with 1 cm2/mL U-PS compared to A549 cells. 

However, with respective p values of 0.289 and 0.050 only the latter was 

statistically significant (see Figure 5.10A). A similar trend was also observed for 

5 cm2/mL U-PS whereby the MFI of THP-1 and TT1 cells were 47.9% and 38.6% 

higher compared to A549 cells and only the latter being statistically significant 

(p=0.289 and p=0.050 respectively). There were no significant differences in the 

MFI between TT1 and THP-1 cells at either 1 or 5 cm2/mL (p=0.724 for each 

comparison). The number of cells containing U-PS nanoparticles was 

significantly higher in the epithelial A549 and TT1 cells compared to the 

macrophage like THP-1 cells at both the concentrations tested (see Figure 

5.10B). The number of NP+ cells was 1.9 fold higher in A549 cells and 2.1 fold 

higher in TT1 cells compared to the THP-1 cells following treatment with 1 

cm2/mL U-PS. These differences were statistically significant with associated p 

values of 0.034 for each comparison. The number of NP+ cells was also 

increased in A549 and TT1 cells compared to THP-1 cells following treatment 

with 5 cm2/mL U-PS. These 1.3fold and 1.2fold respective increases were 

statistically significant with associated p values of 0.034 for each.  
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A-PS uptake was greatest in THP-1 cells than the epithelial A549 or TT1 

cell lines. This was evident using both the number of particles per cell and the 

number of cells containing nanoparticles but was more pronounced for the 

former measurement. The number of A-PS particles per cell in THP-1 cells 

treated with 5 cm2/mL A-PS was 4.9fold higher than in A549 cells and 4.1fold 

higher than in TT1 cells. These increases were statistically significant with 

associated p values of 0.021 and 0.014 respectively. The MFI of THP-1 cells 

treated with 1 cm2/mL was 6.3fold higher than in A549 cells and 3.1fold higher 

than TT1 cells. These increases were statistically significant with associated p 

values of 0.034 and 0.014 respectively (see Figure 5.11A). The number of THP-1 

cells containing A-PS particles was also significantly increased by 2.4 fold and 

1.6 fold compared to A549 cells at both 1 and 5 cm2/mL respectively. These 

increases were statistically significant with associated p values of 0.034 and 

0.043 respectively. The number of THP-1 cells containing nanoparticles was also 

increased by 1.2 fold and 1.5 fold compared to in TT1 cells for the 1 and 5 

cm2/mL A-PS concentrations respectively. However, with associated p values of 

0.086 and 0.014 respectively, only the higher concentration achieved statistical 

significance (see Figure 5.11B). There were no significant differences in the 

number of A-PS particles taken up per cell or number of cells containing 

nanoparticles between A549 and TT1 cells at either 1 cm2/mL (p=0.101 and 

p=0.053 respectively) or 5 cm2/mL (p=0.482 and p=0.624) nanoparticle 

concentrations.   
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Figure 5.10: U-PS uptake in A549, TT1 and THP-1 cell lines. A. Mean fluorescent 

intensity (MFI) and B. Percent NP+ cells in A549, TT1 and THP-1 cells. Data represents mean 

+SEM of at least three independent experiments. Statistics determined using Mann-Whitney U 

test where *p≤0.05 compared to A549 cells; # p≤0.05 compared to TT1 cells. 
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Figure 5.11: A-PS uptake in A549, TT1 and THP-1 cells. A. Mean fluorescent 

intensity (MFI) and B. Percent NP+ cells in A549, TT1 and THP-1 cells. Data represents mean 

+SEM of at least three independent experiments. Statistics determined using Mann-Whitney U 

test where *p≤0.05 compared to A549 cells; # p≤0.05 compared to TT1 cells.  
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 Effect of IAV on U-PS uptake  5.3.3.1

In order to examine the effect of influenza and proteins on nanoparticle 

uptake the %NP+ and MFI measurements were normalised to the particle 

control for each concentration. The studied concentrations of A-PS and U-PS 

less than 1 cm2/mL could not be detected using flow cytometry. Therefore, only 

the effect of IAV and proteins on NP uptake at 1 and 5 cm2/mL are reported 

here. The effect of proteins and IAV on U-PS uptake in A549, TT1 and THP-1 

cells are summarised in Tables 5.4 – 5.7. 

In A549 cells, pre-incubation of 1 cm2/mL of U-PS with IAV resulted in 

15.0% increases in the both %NP+ cells and the MFI. These increases were 

statistically significant with associated p values of 0.037. IAV had no significant 

effect on the number of NP+ cells when incubated with 5 cm2/mL U-PS (<0.5% 

change; p=0.487) but significantly enhanced the MFI at this NP concentration by 

33.7% (p=0.037).  

In TT1 cells, pre-incubation of IAV with 1 cm2/mL U-PS resulted in 0.7% 

and 7.0% reductions in the %NP+ cells and MFI. However, these reductions 

were not statistically significant (p=0.487). The pre-incubation of 5 cm2/mL U-PS 

with IAV resulted in a 1.0% non-significant increase in the %NP+ cells (p=0.487). 

This treatment did result in a significant 10.0% increase in the MFI in TT1 cells 

(p=0.037).  

In THP-1 cells, the pre-incubation of U-PS (5 cm2/mL) with IAV resulted 

in a 3.5% reduction in the MFI and a 1% reduction in percent of NP+ cells. These 

differences were not statistically significant with associated p values of 0.219 

and 1.000 respectively. The pre-incubation of 1 cm2/mL U-PS with IAV had less 

than a 1% modulatory effect on both %NP+ and MFI (p=1.000 and p=0.219 

respectively).  
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 Effect of SP-A and IAV on the uptake of U-PS 5.3.3.1.1.

In A549 cells, nhSP-A resulted in 97% and 98% reductions in the MFI and 

%NP+ cells respectively at 1 cm2/mL U-PS. These reductions were statistically 

significant with associated p values of 0.037. Following the addition of IAV the 

MFI and percent NP+ cells increased by 30.7% and 18.3% respectively compared 

to the U-PS and SP-A treatment. These increases were statistically significant 

with associated p values of 0.05. However, the relative values of these NP 

measurements were 81.3% and 94.7% lower than the NP and IAV treatment. 

These differences were statistically significant with associated p values of 0.05. 

nhSP-A also reduced 5 cm2/mL U-PS uptake by 76.7% and 85.7% for the %NP+ 

cells and MFI respectively in A549 cells. These differences were statistically 

significant with associated p values of 0.037. Following the addition of IAV, 

these were increased by 17% and 21.7% respectively compared to the NP and 

SP-A treatment. However, these increases did not reach statistical significance 

with associated p values of 0.275 and 0.127 respectively. This treatment did 

result in 59.7% and 97.7% reductions in %NP+ cells and MFI compared to the 

NP and IAV treatment. These differences were statistically significant with 

associated p values of 0.050 (see Table 5.4 and Figure 5.12A).  

In TT1 cells, pre-incubation of 1 cm2/mL U-PS with nhSP-A resulted in 

56.7% and 32.3% reductions in the %NP+ cells and MFI. These reductions were 

statistically significant with associated p values of 0.037 (see Figure 5.12B and 

Table 5.4). Following the addition of IAV to this treatment the %NP+ cells and 

MFI increased by 14.7% and 37.3% respectively. These differences were 

statistically significant with associated p values of 0.05. The %NP+ cells was 

significantly reduced by 41.3% in the U-PS, SP-A and IAV treatment compared 

to the U-PS and IAV treatment (p=0.05). The MFI was increased by 12% of this 

triple treatment compared to the NP and IAV however, this did not reach 

statistical significance (p=0.127). At 5 cm2/mL U-PS the pre-incubation with 
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nhSP-A resulted in a 30.3% reduction in the %NP+ cells. This reduction was 

statistically significant with an associated p value of 0.037. Following the 

addition of IAV the %NP+ cells increased by 5.6% although this was not 

statistically significant (p=0.275). The %NP+ cells in this treatment was 

significantly reduced by 25.7% compared to the NP and IAV treatment (p=0.05). 

Pre-incubation of 5 cm2/mL U-PS with nhSP-A resulted in a 21.0% increase in 

the MFI of TT1 cells. However, this increase was not statistically significant 

with an associated p value of 0.487. Following the addition of IAV the MFI 

increased by 17.0% however, this increase was not statistically significant 

(p=0.513). The addition of SP-A to U-PS and IAV resulted in a 28.0% significant 

increase in the MFI. This increase was statistically significant with an associated 

p value of 0.050.    

Pre-incubation of 5 µg/mL nhSP-A with 100nm U-PS (5 cm2/mL) resulted 

in a significant 84.3% increase in MFI (p=0.014) in THP-1 cells. When IAV was 

added to this treatment MFI increased 2.9 fold compared to the control or 109% 

compared to U-PS and SP-A (p=0.034). This represents a synergistic 

enhancement in UPS association with IAV and SP-A (see Figure 5.12C). This 

synergistic enhancement was also evident at 1 cm2/mL of U-PS in THP-1 cells 

where nhSP-A resulted in a non-significant 6.7% increase in NP uptake (MFI) 

but the addition of IAV to this treatment increased this to 88.7% (p=0.021). 

Interestingly, nhSP-A resulted in 27.3% and 25.7% reductions in NP+ THP-1 

cells when pre-incubated with 1 and 5 cm2/mL U-PS respectively. These 

reductions were statistically significant with associated p values of p=0.014. 

Following the addition of IAV NP+ cells increased by 42.0% and 14.0% with 1 

and 5 cm2/mL U-PS respectively compared to the NP+SP-A samples. These 

increases were statistically significant with associated p values of 0.021 (see 

Table 5.4).   
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Cell 

type 

NP 

(cm2/mL) 

  U-PS b U-PS  + 

SP-A c 

U-PS + 

IAV d 

U-PS+IAV 

+SP-A 

A549 

1 

MFI 

Mean 1.000 0.030 1.150 0.337 

p value 0.015 a 0.037 b 0.037 b 
0.050 c 

0.050 d 

NP+ 

Mean 1.000 0.020 1.150 0.203 

p value 0.015 a 0.037 b 0.037 b 
0.050 c  

0.050 d 

5 

MFI 

Mean 1.000 0.143 1.337 0.360 

p value 0.018 a 0.037 b 0.037 b 
0.127 c 

0.050 d 

NP+ 

Mean 1.000 0.233 1.000 0.403 

p value 0.031 a 0.037 b 0.487 b 
0.275 c   

0.050 d 

TT1 

1 

MFI 

Mean 1.000 0.677 0.930 1.050 

p value 0.031 a 0.037 b 0.487 b 
0.050 c 

0.127 d 

NP+ 

Mean 1.000 0.433 0.993 0.580 

p value 0.022 a 0.037 b 0.487 b 
0.050 c 

0.050 d 

5 

MFI 

Mean 1.000 1.210 1.100 1.380 

p value 0.125 a n/a n/a n/a 

NP+ 

Mean 1.000 0.697 1.010 0.753 

p value 0.031 a 0.037 b 0.487 b 
0.275 c 

0.050 d 

THP-1 

1 

MFI 

Mean 1.000 1.067 0.995 1.887 

p value 0.020 a 0.435 b 0.219 b 
0.034 c 

0.021 d 

NP+ 

Mean 1.000 0.727 1.000 1.147 

p value 0.044 a 0.019 b 1.000 b 
0.034 c 

0.248 d 

5 

MFI 

Mean 1.000 1.843 0.965 2.927 

p value 0.011 a 0.019 b 0.219 b 
0.050 c 

0.034 d 

NP+ 

Mean 1.000 0.743 0.990 0.883 

p value 0.008 a 0.019 b 1.000 b 
0.034 c 

0.021 d 

Table 5.4: Fold change in U-PS uptake following co-treatment with SP-A and 

IAV. a Kruskal-Wallis between group differences; b Mann-Whitney U test versus U-PS 

treatment; c Mann-Whitney U test versus U-PS + protein treatment; d Mann-Whitney U test 

versus U-PS + IAV treatment. Significant differences in bold. n/a; Mann-Whitney U test not 

conducted where Kruskal-Wallis p>0.050.    
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Figure 5.12: Effect of nhSP-A and IAV on U-PS NP association. Relative cell 

association of unmodified polystyrene NP in A. A549 cells, B. TT1 cells and C. THP-1 cells 

following pre-incubation with 5µg/mL nhSP-A and IAV. Left panel shows relative mean 

fluorescence intensity (MFI) and right panel shows relative number of NP positive (%NP+) cells. 

Data represents mean (black horizontal line) of at least three independent experiments. 

Statistics determined by Kruskal-Wallis and Mann Whitney U test. * p≤0.05 versus U-PS; # 

p≤0.05 versus U-PS and SP-A; ϕ p≤0.05 versus U-PS and IAV.  
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 Effect of nhSP-D and IAV on U-PS uptake  5.3.3.1.2.

In A549 cells, the pre-incubation of nhSP-D with 5 cm2/mL U-PS resulted 

in a 10.0% reduction in the MFI. This reduction was statistically significant with 

an associated p value of 0.037. The addition of IAV to this treatment had no 

significant effect compared to the U-PS and SP-D control (p=0.827; see Table 5.5 

and Figure 5.13A). However, the MFI of the 5 cm2/mL U-PS, IAV and SP-D 

treatment was significantly reduced by 44.7% compared to the U-PS and IAV 

control (p=0.050). The MFI of A549 cells treated with 1 cm2/mL did not 

significantly change following the addition of IAV and/or nhSP-D (p=0.125; 

Kruskal-Wallis). Moreover, the %NP+ cells did not significantly differ following 

the addition of IAV and/or nhSP-D to the 1 or 5 cm2/mL U-PS treatments 

(p=0.313 and p=0.143 respectively; Kruskal-Wallis).  

In TT1 cells, the pre-incubation of 1 cm2/mL or 5 cm2/mL U-PS with 

nhSP-D and/or IAV had no significant effect on either the %NP+ or MFI (see 

Table 5.5 and Figure 5.13B). 

The pre-incubation of nhSP-D with 1 cm2/mL U-PS resulted in a 15.5% 

reduction in the %NP+ THP-1 cells. This was statistically significant with an 

associated p value of 0.014 (see Table 5.5 and Figure 5.13C). The addition of IAV 

to this treatment resulted in a 4% increase in the relative number of NP+ cells 

however this increase was not statistically significant (p=0.773). At 5 cm2/mL the 

pre-incubation of U-PS with nhSP-D also tended to result in a decrease in the 

%NP+ THP-1 cells with a small concomitant increase following the addition of 

IAV. However, these differences did not achieve statistical significance 

(p=0.190; Kruskal-Wallis). The MFI of THP-1 cells was also reduced following 

the pre-incubation of 1 or 5 cm2/mL U-PS with nhSP-D however these did not 

achieve statistical significance (p=0.379 and p=0.070 respectively; Kruskal-

Wallis).      
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Table 5.5: Fold change in U-PS uptake following co-treatment with SP-D and 

IAV. a Kruskal-Wallis between group differences; b Mann-Whitney U test versus U-PS 

treatment; c Mann-Whitney U test versus U-PS + protein treatment; d Mann-Whitney U test 

versus U-PS + IAV treatment. Significant differences in bold. n/a; Mann-Whitney U test not 

conducted where Kruskal-Wallis p>0.050.   

Cell 

type 

NP 

(cm2/mL) 

  U-PS b U-PS  + 

SP-D c 

U-PS + 

IAV d 

U-PS+IAV 

+SP-D 

A549 

1 

MFI 

Mean 1.000 0.953 1.150 1.057 

p value 0.125 a n/a n/a n/a 

NP+ 

Mean 1.000 1.040 1.150 1.060 

p value 0.313 a n/a n/a n/a 

5 

MFI 

Mean 1.000 0.900 1.337 0.890 

p value 0.023 a 0.037 b 0.037 b 
0.827 c    

0.050 d 

NP+ 

Mean 1.000 0.987 1.000 0.993 

p value 0.143 a n/a n/a n/a 

TT1 

1 

MFI 

Mean 1.000 0.977 0.930 0.917 

p value 0.333 a n/a n/a n/a 

NP+ 

Mean 1.000 0.997 0.993 0.973 

p value 0.836 a n/a n/a n/a 

5 

MFI 

Mean 1.000 0.983 1.100 0.887 

p value 0.089 a n/a n/a n/a 

NP+ 

Mean 1.000 1.003 1.010 0.980 

p value 0.125 a n/a n/a n/a 

THP-1 

1 

MFI 

Mean 1.000 0.868 0.995 0.858 

p value 0.319 a n/a n/a n/a 

NP+ 

Mean 1.000 0.845 1.000 0.885 

p value 0.039 a 0.014 b 1.000 b 
0.773 c 

0.149 d 

5 

MFI 

Mean 1.000 0.803 0.965 0.895 

p value 0.070 a n/a n/a n/a 

NP+ 

Mean 1.000 0.935 0.990 0.995 

p value 0.190 a n/a n/a n/a 
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Figure 5.13: Effect of nhSP-D and IAV on U-PS NP association. Relative cell 

association of unmodified polystyrene NP in A. A549 cells, B. TT1 cells and C. THP-1 cells 

following pre-incubation with 0.4µg/mL nhSP-D and IAV. Left panel shows relative mean 

fluorescence intensity (MFI) and right panel shows relative number of NP positive (%NP+) cells. 

Data represents mean (black horizontal line) of at least three independent experiments. 

Statistics determined by Kruskal-Wallis and Mann Whitney U test. * p≤0.05 versus U-PS; # 

p≤0.05 versus U-PS and SP-D; ϕ p≤0.05 versus U-PS and IAV. 
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 Effect of rfhSP-D and IAV on U-PS uptake 5.3.3.1.3.

In A549 cells, pre-incubation of 1 cm2/mL with rfhSP-D resulted in 48.3% 

and 59.7% reductions in the %NP+ cells and MFI. These reductions were 

statistically significant with associated p values of 0.037. Following the addition 

of IAV these measures increased by 13.0% and 8.4% respectively however, these 

increases were not statistically significant (p=0.827 and p=0.513 respectively). 

The %NP+ and the MFI in A549 cells treated with 1 cm2/mL U-PS, IAV and 

rfhSP-D were significantly reduced by 50.3% and 66.3% compared to those 

treated with U-PS and IAV (p=0.050; Table 5.6 and Figure 5.14A).  A similar 

trend in the MFI of A549 cells treated with 5 cm2/mL U-PS with rfhSP-D and/or 

IAV was observed however, these differences did not achieve statistical 

significance (p=0.063; Kruskal-Wallis). There was also no significant difference 

in the %NP+ A549 cells following the addition of rfhSP-D with or without IAV 

to 5 cm2/mL U-PS (p=0.711).  

In TT1 cells, pre-incubation of 1 cm2/mL or 5 cm2/mL U-PS with rfhSP-D 

with or without IAV had no significant effect on nanoparticle uptake by either 

%NP+ cells or MFI measure (see Table 5.6 and Figure 5.14B).  

Pre-incubation of 1 or 5 cm2/mL U-PS with 5 µg/mL rfhSP-D resulted in 

34.7% and 17.0% reductions in MFI in THP-1 cells. These reductions were 

statistically significant with associated p values of 0.037. The addition of IAV to 

the 5 cm2/mL and rfhSP-D treatment resulted in a 9.7% further reduction to the 

MFI. However, this difference was not statistically significant with an 

associated p value of 0.127 (see Table 5.6 and Figure 5.14C). Following the 

addition of IAV to the 1 cm2/mL and rfhSP-D treatment the MFI increased 7.0% 

compared to the NP and rfhSP-D treatment (p=0.513). The addition of rfhSP-D 

to the U-PS and IAV treatment in THP-1 cells at either 1 cm2/mL or 5 cm2/mL 

resulted in significant 27.2% and 23.2% respective reductions in the MFI 

compared to the U-PS and IAV treatments (p=0.050). The addition of rfhSP-D 
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and/or IAV to U-PS had no significant effect on the %NP+ THP-1 cells at either 

1 cm2/mL or 5 cm2/mL (p=0.055 and p=0.401 respectively; Kruskal-Wallis).  

 Effect of BSA and IAV on U-PS uptake 5.3.3.1.4.

Pre-incubation of 5 cm2/mL U-PS with BSA resulted in a 2.3% increase in 

the MFI of A549 cells. This increase was statistically significant with an 

associated p value of 0.037. The addition of IAV to this treatment resulted in a 

significant 14.0% increase in MFI over the NP and protein control (p=0.050). 

This represented a 17.4% reduction compared to the UPS and IAV control 

however, this was not statistically significant (p=0.275; see Table 5.7 and Figure 

5.15A). The pre-incubation of U-PS with BSA with or without IAV had no 

significant effect on the %NP+ A549 cells at either 1 cm2/mL or 5 cm2/mL 

(p=0.091 and p=0.540 respectively).  

In TT1 cells, the pre-incubation of 1 cm2/mL or 5 cm2/mL U-PS with BSA 

with or without IAV had no significant effect on nanoparticle uptake (see 

Figure 5.15B and Table 5.7).   

The pre-incubation of U-PS with BSA with or without IAV had no 

significant effect on the uptake of U-PS particles by THP-1 cells at either 1 

cm2/mL or 5 cm2/mL concentrations (see Table 5.7). Although non-significant, 

BSA did tend to increase the uptake of 5 cm2/mL U-PS by THP-1 cells (see 

Figure 5.15C). 
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Table 5.6: Fold change in U-PS uptake following co-treatment with rfhSP-D 

and IAV. a Kruskal-Wallis between group differences; b Mann-Whitney U test versus U-PS 

treatment; c Mann-Whitney U test versus U-PS + protein treatment; d Mann-Whitney U test 

versus U-PS + IAV treatment. Significant differences in bold. n/a; Mann-Whitney U test not 

conducted where Kruskal-Wallis p>0.050.   

Cell 

type 

NP 

(cm2/mL) 

  U-PS b U-PS  + 

rfhSP-D c 

U-PS + 

IAV d 

U-PS+IAV 

+rfhSP-D 

A549 

1 

MFI 

Mean 1.000 0.403 1.150 0.487 

p value 0.022 a 0.037 b 0.037 b 
0.513 c    

0.050 d 

NP+ 

Mean 1.000 0.517 1.150 0.647 

p value 0.023 a 0.037 b 0.037 b 
0.827 c  

0.050 d 

5 

MFI 

Mean 1.000 0.687 1.337 0.867 

p value 0.063 a n/a n/a n/a 

NP+ 

Mean 1.000 0.983 1.000 0.993 

p value 0.711 a n/a n/a n/a 

TT1 

1 

MFI 

Mean 1.000 0.863 0.930 0.940 

p value 0.264 a n/a n/a n/a 

NP+ 

Mean 1.000 0.890 0.993 0.930 

p value 0.823 a n/a n/a n/a 

5 

MFI 

Mean 1.000 0.977 1.100 1.183 

p value 0.072 a n/a n/a n/a 

NP+ 

Mean 1.000 0.997 1.010 1.017 

p value 0.355 a n/a n/a n/a 

THP-1 

1 

MFI 

Mean 1.000 0.653 0.995 0.723 

p value 0.022 a 0.037 b 0.219 b 
0.513 c 

0.050 d 

NP+ 

Mean 1.000 0.693 1.000 0.820 

p value 0.055 a n/a n/a n/a 

5 

MFI 

Mean 1.000 0.830 0.965 0.733 

p value 0.022 a 0.037 b 0.219 b 
0.127 c 

0.050 d 

NP+ 

Mean 1.000 1.003 0.990 0.960 

p value 0.401 a n/a n/a n/a 
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Figure 5.14: Effect of rfhSP-D and IAV on U-PS NP association. Relative cell 

association of unmodified polystyrene NP in A. A549 cells, B. TT1 cells and C. THP-1 cells 

following pre-incubation with 5µg/mL rfhSP-D and IAV. Left panel shows relative mean 

fluorescence intensity (MFI) and right panel shows relative number of NP positive (%NP+) cells. 

Data represents mean  (black horizontal line) of at least three independent experiments. 

Statistics determined by Kruskal-Wallis and Mann Whitney U test. * p≤0.05 versus U-PS; # 

p≤0.05 versus U-PS and rfhSP-D; ϕ p≤0.05 versus U-PS and IAV. 
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Table 5.7: Fold change in U-PS uptake following co-treatment with BSA and 

IAV. a Kruskal-Wallis between group differences; b Mann-Whitney U test versus U-PS 

treatment; c Mann-Whitney U test versus U-PS + protein treatment; d Mann-Whitney U test 

versus U-PS + IAV treatment. Significant differences in bold. n/a; Mann-Whitney U test not 

conducted where Kruskal-Wallis p>0.050.   

Cell 

type 

NP 

(cm2/mL) 

  U-PS b U-PS  + 

BSA c 

U-PS + 

IAV d 

U-PS+IAV 

+ BSA 

A549 

1 

MFI 

Mean 1.000 1.073 1.150 1.027 

p value 0.453 a n/a n/a n/a 

NP+ 

Mean 1.000 1.133 1.150 1.130 

p value 0.091 a n/a n/a n/a 

5 

MFI 

Mean 1.000 1.023 1.337 1.163 

p value 0.020 a 0.037 b 0.037 b 
0.050 c    

0.275 d 

NP+ 

Mean 1.000 1.000 1.000 0.997 

p value 0.540 a n/a n/a n/a 

TT1 

1 

MFI 

Mean 1.000 0.973 0.930 0.800 

p value 0.401 a n/a n/a n/a 

NP+ 

Mean 1.000 1.010 0.993 0.940 

p value 0.760 a n/a n/a n/a 

5 

MFI 

Mean 1.000 0.940 1.100 1.007 

p value 0.401 a n/a n/a n/a 

NP+ 

Mean 1.000 1.003 1.01 1.003 

p value 0.931 a n/a n/a n/a 

THP-1 

1 

MFI 

Mean 1.000 0.960 0.995 0.980 

p value 0.551 a n/a n/a n/a 

NP+ 

Mean 1.000 0.943 1.000 1.020 

p value 0.785 a n/a n/a n/a 

5 

MFI 

Mean 1.000 1.157 0.965 1.113 

p value 0.163 a n/a n/a n/a 

NP+ 

Mean 1.000 1.037 0.990 1.050 

p value 0.333 a n/a n/a n/a 
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Figure 5.15: Effect of BSA and IAV on U-PS NP association. Relative cell 

association of unmodified polystyrene NP in A. A549 cells, B. TT1 cells and C. THP-1 cells 

following pre-incubation with 5µg/mL BSA and IAV. Left panel shows relative mean 

fluorescence intensity (MFI) and right panel shows relative number of NP positive (%NP+) cells. 

Data represents mean (black horizontal line) of at least three independent experiments. 

Statistics determined by Kruskal-Wallis and Mann Whitney U test. * p≤0.05 versus U-PS; # 

p≤0.05 versus U-PS and BSA; ϕ p≤0.05 versus U-PS and IAV. 
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 Effect of IAV on A-PS uptake  5.3.3.2

The effect of proteins and IAV on A-PS uptake are summarised in Tables 

5.8-5.11. IAV resulted in increased 100nm A-PS uptake in A549 cells. This was 

evident at both 1 and 5 cm2/mL concentrations using both %NP+ cells and MFI 

measurements. At 1 cm2/mL %NP+ cells and MFI were enhanced by 93.3% and 

81.4% respectively. These were statistically significant with associated p values 

of 0.014. At 5 cm2/mL A-PS these were enhanced by 24.6% and 32.9% with 

associated p values of 0.014.  

In TT1 cells, the pre-incubation of 1 cm2/mL A-PS with IAV resulted in 

14.6% and 10.0% increases in the MFI and %NP+ cells. However, these increases 

did not reach statistical significance with associated p values of 0.095. Pre-

incubation of 5 cm2/mL A-PS with IAV resulted in 12.6% and 12.2% relative 

increases in the MFI and %NP+ cells. These increases were highly statistically 

significant with associated p values of 0.005.   

In THP-1 cells, the pre-incubation of 1 or 5 cm2/mL A-PS with IAV 

resulted in 14.2% and 3.6% increases in the MFI in these cells. However, these 

increases were not statistically significant with associated p values of 1.000 and 

0.219 respectively. The pre-incubation of 1 or 5 cm2/mL A-PS with IAV resulted 

in 14.5% and 7.3% respective increases in the %NP+ cells. However, only the 

higher concentration achieved statistical significance as they had respective p 

values of 0.219 and 0.014. 

 Effect of SP-A and IAV on A-PS uptake 5.3.3.2.1.

In A549 cells, the pre-incubation of 1 cm2/mL A-PS with SP-A resulted in 

a 30.2% relative increase in the number of NP+ cells; however, this increase was 

not statistically significant with an associated p value of 0.435 (see Table 5.8 and 

Figure 5.16A). The addition of IAV to this treatment resulted in a 40.1% 
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decrease in the NP+ cells; however, this was also not statistically significant 

(p=0.480). The %NP+ cells in this triple treatment in A549 cells was significantly 

reduced by 103.2% compared to the A-PS and IAV treatment (p=0.021). The pre-

incubation of 5 cm2/mL with SP-A with or without IAV had no significant effect 

on the %NP+ cells (p=0.095; Kruskal-Wallis). Moreover, the MFI of 1 cm2/mL or 

5 cm2/mL A-PS with SP-A with or without IAV was also not significantly 

different in A549 cells (p=0.165 and p=0.085 respectively; Kruskal-Wallis). In 

TT1 cells the pre-incubation of 5 cm2/mL A-PS with nhSP-A resulted in 81.0% 

and 54.8% respective increases in the MFI and %NP+ cells. These increases were 

statistically significant with associated p values of 0.005 (see Table 5.8 and 

Figure 5.16B). Following the addition of IAV NP uptake was reduced by 24.2% 

and 20.8% respectively, although these reductions were not statistically 

significant (p=0.602 and p=0.347 respectively). The addition of SP-A to the A-PS 

and IAV treatment resulted in 44.2% and 21.8% increases in the MFI and %NP+ 

cells. These increases were statistically significant with associated p values of 

0.009.  In TT1 cells, the pre-incubation of 1 cm2/mL A-PS with SP-A with and 

without IAV had no significant effect on the MFI or %NP+ cells (p=0.332 and 

p=0.283 respectively; Kruskal-Wallis).  

Pre-incubation of 5 cm2/mL A-PS with 5 µg/mL nhSP-A resulted in a 

5.4% reduction in the MFI in THP-1 cells. However, this difference was not 

statistically significant with an associated p value 0.219. The addition of IAV to 

this treatment resulted in a significant 17.3% increase in the MFI of THP-1 cells 

over the NP and protein control (p=0.021; see Table 5.8 and Figure 5.16C). This 

represented a 8.3% increase in MFI over the A-PS and IAV control; however, 

this increase did not achieve statistical significance (p=0.149). The pre-

incubation of 5 cm2/mL A-PS with nhSP-A resulted in a 4.3% increase in the 

%NP+ cells; however, this increase was not statistically significant with an 

associated p value of 0.219. Following the addition of IAV the %NP+ cells 
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increased by 13.5% compared to the A-PS and SP-A control; this increase was 

statistically significant with an associated p value of 0.021. Moreover, the %NP+ 

cells was also significantly enhanced by 10.3% in this triple treatment compared 

to the NP and IAV control (p=0.021).  The pre-incubation of 1 cm2/mL with SP-A 

with or without IAV had no significant effect on the MFI or %NP+ THP-1 cells 

(p=0.778 and p=0.190 respectively; Kruskal-Wallis). 
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Table 5.8: Fold change in A-PS uptake following co-treatment with SP-A and 

IAV. a Kruskal-Wallis between group differences; b Mann-Whitney U test versus A-PS 

treatment; c Mann-Whitney U test versus A-PS + protein treatment; d Mann-Whitney U test 

versus A-PS + IAV treatment. Significant differences in bold. n/a; Mann-Whitney U test not 

conducted where Kruskal-Wallis p>0.050.   

Cell 

type 

NP 

(cm2/mL) 

  A-PS b A-PS  + 

SP-A c 

A-PS + 

IAV d 

A-PS+IAV 

+ SP-A 

A549 

1 

MFI 

Mean 1.000 1.399 1.814 0.851 

p value 0.165 a n/a n/a n/a 

NP+ 

Mean 1.000 1.302 1.933 0.901 

p value 0.035 a 0.435 b 0.014 b 
0.480 c  

0.021 d 

5 

MFI 

Mean 1.000 1.039 1.329 1.230 

p value 0.084 a n/a n/a n/a 

NP+ 

Mean 1.000 1.195 1.246 1.222 

p value 0.095 a n/a n/a n/a 

TT1 

1 

MFI 

Mean 1.000 0.952 1.146 1.022 

p value 0.332 a n/a n/a n/a 

NP+ 

Mean 1.000 1.268 1.100 1.283 

p value 0.283 a n/a n/a n/a 

5 

MFI 

Mean 1.000 1.81 1.126 1.568 

p value 0.001 a 0.005 b 0.005 b 
0.602 c 

0.009 d 

NP+ 

Mean 1.000 1.548 1.122 1.340 

p value 0.001 a 0.005 b 0.005 b 
0.347 c 

0.009 d 

d 

THP-1 

1 

MFI 

Mean 1.000 0.739 1.142 1.131 

p value 0.778 a n/a n/a n/a 

NP+ 

Mean 1.000 0.705 1.145 1.147 

p value 0.190 a n/a n/a n/a 

5 

MFI 

Mean 1.000 0.946 1.036 1.119 

p value 0.023 a 0.219 b 0.219 b 
0.021 c 

0.149 d 

NP+ 

Mean 1.000 1.043 1.073 1.178 

p value 0.009 a 0.219 b 0.014 b 
0.021 c 

0.021 d 
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Figure 5.16: Effect of nhSP-A and IAV on A-PS NP association. Relative cell 

association of amine polystyrene NP in A. A549 cells, B. TT1 cells and C. THP-1 cells following 

pre-incubation with 5µg/mL nhSP-A and IAV. Left panel shows relative mean fluorescence 

intensity (MFI) and right panel shows relative number of NP positive (%NP+) cells. Data 

represents mean (black horizontal line) of at least three independent experiments. Statistics 

determined by Kruskal-Wallis and Mann Whitney U test. * p≤0.05 versus A-PS; # p≤0.05 versus 

A-PS and SP-A; ϕ p≤0.05 versus A-PS and IAV. 
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Table 5.9: Fold change in A-PS uptake following co-treatment with SP-D and 

IAV. a Kruskal-Wallis between group differences; b Mann-Whitney U test versus A-PS 

treatment; c Mann-Whitney U test versus A-PS + protein treatment; d Mann-Whitney U test 

versus A-PS + IAV treatment. Significant differences in bold. n/a; Mann-Whitney U test not 

conducted where Kruskal-Wallis p>0.050.   

Cell 

type 

NP 

(cm2/mL) 

  A-PS b A-PS  + 

SP-D c 

A-PS + 

IAV d 

A-PS+IAV 

+ SP-D 

A549 

1 

MFI 

Mean 1.000 0.992 1.814 2.286 

p value 0.092 a n/a n/a n/a 

NP+ 

Mean 1.000 1.401 1.932 2.331 

p value 0.059 a n/a n/a n/a 

5 

MFI 

Mean 1.000 1.059 1.329 1.389 

p value 0.014 a 0.219 b 0.014 b 
0.043 c  

0.773 d 

NP+ 

Mean 1.000 1.136 1.246 1.361 

p value 0.172 a n/a n/a n/a 

TT1 

1 

MFI 

Mean 1.000 1.122 1.146 1.256 

p value 0.132 a n/a n/a n/a 

NP+ 

Mean 1.000 1.038 1.100 1.218 

p value 0.262 a n/a n/a n/a 

5 

MFI 

Mean 1.000 0.980 1.126 1.180 

p value 0.001 a 0.577 b 0.005 b 
0.009 c 

0.047 d 

NP+ 

Mean 1.000 1.088 1.122 1.216 

p value 0.002 a 0.005 b 0.005 b 
0.028 c 

0.047 d 

THP-1 

1 

MFI 

Mean 1.000 0.487 1.142 1.161 

p value 0.017 a 0.014 b 1.000 b 
0.021 c 

0.773 d 

NP+ 

Mean 1.000 0.471 1.145 1.182 

p value 0.021 a 0.014 b 0.219 b 
0.021 c 

0.773 d 

5 

MFI 

Mean 1.000 0.995 1.036 1.023 

p value 0.799 a n/a n/a n/a 

NP+ 

Mean 1.000 1.051 1.073 1.083 

p value 0.490 a n/a n/a n/a 
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Figure 5.17: Effect of nhSP-D and IAV on A-PS NP association. Relative cell 

association of amine polystyrene NP in A. A549 cells, B. TT1 cells and C. THP-1 cells following 

pre-incubation with 0.4µg/mL nhSP-D and IAV. Left panel shows relative mean fluorescence 

intensity (MFI) and right panel shows relative number of NP positive (%NP+) cells. Data 

represents mean (black horizontal line) of at least three independent experiments. Statistics 

determined by Kruskal-Wallis and Mann Whitney U test. * p≤0.05 versus A-PS; # p≤0.05 versus 

A-PS and SP-D; ϕ p≤0.05 versus A-PS and IAV. 
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 Effect of SP-D and IAV on A-PS uptake 5.3.3.2.2.

The pre-incubation of 5 cm2/mL A-PS with nhSP-D resulted in a 5.9% 

increase in the MFI in A549 cells. However, this was not statistically significant 

with an associated p value of 0.219 (see Table 5.9 and Figure 5.17A). Following 

the addition of IAV to this treatment the MFI significantly increased by 33.0% 

compared to the A-PS and SP-D treatment (p=0.043). However, the MFI was not 

significantly different in this triple treatment compared to the A-PS and IAV co-

treatment (p=0.773). The pre-incubation of 1 cm2/mL A-PS with IAV with or 

without IAV had no significant effect on the MFI in A549 cells (p=0.092; 

Kruskal-Wallis). The pre-incubation of 1 or 5 cm2/mL A-PS with nhSP-D tended 

to increase %NP+ A549 cells and this was further enhanced with the addition of 

IAV; however, there was no significant difference between these treatments 

(p=0.059 and p=0.172 respectively; Kruskal-Wallis). 

In TT1 cells, the pre-incubation of 1 cm2/mL A-PS with nhSP-D tended to 

increase the MFI and NP+ cells which was further enhanced with the addition 

of IAV. However, there were no significant differences between these 

treatments (p=0.132 and p=0.262 respectively; Kruskal-Wallis; see Table 5.9 and 

Figure 5.17B). The pre-incubation of 5 cm2/mL A-PS with nhSP-D resulted in a 

2% reduction in MFI compared to the NP control; however this reduction was 

not statistically significant with an associated p value of 0.577. The addition of 

IAV to this treatment resulted in a 20% increase in the MFI over the A-PS and 

SP-D control. This increase was highly statistically significant with an 

associated p value of 0.009. Moreover, the MFI of this triple treatment was also 

significantly enhanced by 5.4% over the A-PS and IAV control (p=0.047). The 

pre-incubation of 5 cm2/mL with nhSP-D also resulted in a 8.8% increase in the 

number of NP+ cells. This increase was statistically significant with an 

associated p value of 0.009. The addition of IAV resulted in a 12.8% significant 

increase in the number of NP+ cells compared to the A-PS and IAV control 
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(p=0.028). Moreover, the NP+ cells was also significantly enhanced by 9.4% over 

the A-PS and IAV control (p=0.047). 

 Pre-incubation of 1 cm2/mL A-PS with 0.4 µg/mL nhSP-D in THP-1 cells 

resulted in 51.3% and 52.9% reductions in the MFI and number of NP+ cells 

respectively. These reductions were statistically significant with associated p 

values of 0.014 (see Table 5.9 and Figure 5.17C). The addition of IAV to this 

treatment enhanced these measurements of NP uptake by 67.4% and 71.1% 

respectively in comparison to the A-PS and SP-D treatments. These increases 

were statistically significant with associated p values of 0.021. However, the 

difference between the A-PS, IAV and SP-D treatment to A-PS and IAV were 

not significant for either measurement (p=0.773). The pre-incubation of 5 

cm2/mL A-PS in THP-1 cells with nhSP-D with or without IAV had no 

significant effect on nanoparticle uptake by either MFI or NP+ measures 

(p=0.799 and p=0.490 respectively; Kruskal-Wallis). 

 Effect of rfhSP-D and IAV on A-PS uptake 5.3.3.2.3.

 In A549 cells, the pre-incubation of 1 cm2/mL A-PS with rfhSP-D resulted 

in 31.8% and 24.5% in the MFI and number of NP+ cells respectively. These 

increases were statistically significant with associated p values of 0.047 and 

0.014 respectively (see Figure 5.18A and Table 5.10). The addition of IAV to this 

treatment resulted in 70.3% and 68.1% significant increases in the MFI and NP+ 

cells over the A-PS and rfhSP-D control (p=0.021 for both measures). These 

represented significant 42.9% and 49.6% reductions over the A-PS and IAV 

control (p=0.021 and p=0.043 respectively). The pre-incubation of 5 cm2/mL A-

PS with rfhSP-D in A549 cells resulted in 5% reduction in the MFI and 8% 

increase in the %NP+ cells; however, these differences were not statistically 

significant with associated p values of 0.219 and 1.000 respectively. The 
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addition of IAV to this treatment had no significant effect on either MFI or NP+ 

cells (p=0.083 for both measures).   

In TT1 cells, the pre-incubation of 5 cm2/mL A-PS with rfhSP-D resulted 

in 26.8% increases in the number of NP+ cells. This increase was highly 

statistically significant with an associated p value of 0.005 (see Table 5.10 and 

Figure 5.18B). The addition of IAV to the A-PS and rfhSP-D had no significant 

effect on the NP+ cells compared to the A-PS and rfhSP-D control (p=0.754). 

Moreover, the number of NP+ cells was also not significantly different in this 

triple treatment compared to the A-PS and IAV control (p=0.754). The pre-

incubation of 5 cm2/mL A-PS with rfhSP-D with or without IAV had no 

significant effect on NP+ cells (p=0.240; Kruskal-Wallis). The pre-incubation of 1 

cm2/mL A-PS with rfhSP-D in TT1 cells with or without IAV had no significant 

effect on NP uptake as measured by MFI or NP+ cells (p=0.344 and p=0.159; 

Kruskal-Wallis).  

Pre-incubation of 1 cm2/mL or 5 cm2/mL A-PS with rfhSP-D with or 

without IAV had no significant effect on the uptake of A-PS in THP-1 cells (see 

Table 5.10 and Figure 5.18C).  
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Table 5.10: Fold change in A-PS uptake following co-treatment with rfhSP-D 

and IAV. a Kruskal-Wallis between group differences; b Mann-Whitney U test versus A-PS 

treatment; c Mann-Whitney U test versus A-PS + protein treatment; d Mann-Whitney U test 

versus A-PS + IAV treatment. Significant differences in bold. n/a; Mann-Whitney U test not 

conducted where Kruskal-Wallis p>0.050 

Cell 

type 

NP 

(cm2/mL) 

  A-PS b A-PS  + 

rfhSP-D c 

A-PS + 

IAV d 

A-PS+IAV 

+ rfhSP-D 

A549 

1 

MFI 

Mean 1.000 0.682 1.814 1.385 

p value 0.003 a 0.047 b 0.028 b 
0.021 c   

0.021 d 

NP+ 

Mean 1.000 0.755 1.932 1.436 

p value 0.003 a 0.014 b 0.014 b 
0.021 c  

0.043 d 

5 

MFI 

Mean 1.000 0.950 1.329 1.231 

p value 0.034 a 0.219 b 0.014 b 
0.083 c  

0.564 d 

NP+ 

Mean 1.000 1.080 1.246 1.283 

p value 0.049 a 1.000 b 0.014 b 
0.083 c  

0.773 d 

TT1 

1 

MFI 

Mean 1.000 1.062 1.146 1.190 

p value 0.344 a n/a n/a n/a 

NP+ 

Mean 1.000 1.300 1.100 1.492 

p value 0.159 a n/a n/a n/a 

5 

MFI 

Mean 1.000 0.968 1.126 1.058 

p value 0.240 a n/a n/a n/a 

NP+ 

Mean 1.000 1.268 1.122 1.290 

p value 0.012 a 0.005 b 0.005 b 
0.754 c 

0.754 d 

THP-1 

1 

MFI 

Mean 1.000 1.021 1.142 1.135 

p value 0.637 a n/a n/a n/a 

NP+ 

Mean 1.000 0.984 1.145 1.184 

p value 0.399 a n/a n/a n/a 

5 

MFI 

Mean 1.000 0.859 1.036 0.861 

p value 0.193 a n/a n/a n/a 

NP+ 

Mean 1.000 1.020 1.073 1.011 

p value 0.424 a n/a n/a n/a 
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Figure 5.18: Effect of rfhSP-D and IAV on A-PS NP association. Relative cell 

association of amine polystyrene NP in A. A549 cells, B. TT1 cells and C. THP-1 cells following 

pre-incubation with 5µg/mL rfhSP-D and IAV. Left panel shows relative mean fluorescence 

intensity (MFI) and right panel shows relative number of NP positive (%NP+) cells. Data 

represents mean (black horizontal line) of at least three independent experiments. Statistics 

determined by Kruskal-Wallis and Mann Whitney U test. * p≤0.05 versus A-PS; # p≤0.05 versus 

A-PS and rfhSP-D; ϕ p≤0.05 versus A-PS and IAV. 
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 Effect of BSA and IAV on A-PS uptake 5.3.3.2.4.

  In A549 cells, the pre-incubation of 1 or 5 cm2/mL with BSA had no 

significant effect on NP association by either MFI or %NP+ measures (p=1.000 

for each comparison). Following the addition of IAV the MFI increased 74.7% 

and 44.7% respectively for the 1 and 5 cm2/mL concentrations. However, these 

increases failed to reach statistical significance with associated p values of 0.248 

and 0.083 respectively (see Table 5.11 and Figure 5.19A). The %NP+ cells 

increased 75.4% and 25.5% following the addition of IAV to the 1 and 5 cm2/mL 

A-PS and BSA treatment. However, these increases were not statistically 

significant with associated p values of 0.149. There was also no significant 

difference in nanoparticle uptake in the triple co-treatments at either 

nanoparticle concentration compared to the relevant A-PS and IAV controls.  

In TT1 cells, the pre-incubation of 5 cm2/mL A-PS with BSA resulted in a 

5.8% reduction the MFI. However this reduction was not statistically significant 

(p=0.095; see Figure 5.19B and Table 5.11). The addition of IAV to this treatment 

resulted in a non-significant 3.2% increase in the MFI (p=0.602). The level of 

nanoparticle uptake by MFI was still significantly reduced by 15.2% in this 

triple treatment compared to the A-PS and IAV control (p=0.016). The pre-

incubation of 1 cm2/mL or 5 cm2/mL A-PS in TT1 cells with BSA with or without 

IAV had no significant effect on the number of cells containing nanoparticles 

(p=0.316 and 0.090 respectively; Kruskal-Wallis). Moreover, BSA with or 

without IAV also had no significant effect on the MFI of 1 cm2/mL A-PS in TT1 

cells (p=0.687; Kruskal-Wallis). 

Pre-incubation of 5 cm2/mL A-PS with 5 µg/mL BSA µg/mL resulted in a 

16.1% significant reduction in MFI of THP-1 cells (p=0.014). The addition of IAV 

to this treatment enhanced the MFI by 10.6%, however, this was not statistically 

significant (p=0.386; see Figure 5.19C and Table 5.11). The pre-incubation of 5 
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cm2/mL A-PS in THP-1 cells with BSA with or without IAV had no significant 

effect on the number of NP+ cells (p=0.067; Kruskal-Wallis). In THP-1 cells, the 

pre-incubation of 1 cm2/mL A-PS with BSA with or without IAV also had no 

significant effect on either the MFI or number of NP+ cells (p=0.783 and p=0.190 

respectively; Kruskal-Wallis).  
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Table 5.11: Fold change in A-PS uptake following co-treatment with BSA and 

IAV. a Kruskal-Wallis between group differences; b Mann-Whitney U test versus A-PS 

treatment; c Mann-Whitney U test versus A-PS + protein treatment; d Mann-Whitney U test 

versus A-PS + IAV treatment. Significant differences in bold. n/a; Mann-Whitney U test not 

conducted where Kruskal-Wallis p>0.050. 

Cell 

type 

NP 

(cm2/mL) 

  A-PS b A-PS  + 

BSA c 

A-PS + 

IAV d 

A-PS+IAV 

+ BSA 

A549 

1 

MFI 

Mean 1.000 0.893 1.814 1.640 

p value 0.049 a 1.000 b 0.028 b 
0.248 c  

0.248 d 

 

NP+ 

Mean 1.000 0.964 1.932 1.718 

p value 0.053 a n/a n/a n/a 

5 

MFI 

Mean 1.000 0.989 1.329 1.436 

p value 0.017 a 1.000 b 0.014 b 
0.083 c  

0.386 d 

NP+ 

Mean 1.000 1.032 1.246 1.287 

p value 0.040 a 1.000 b 0.014 b 
0.149 c   

1.000 d 

 

 

TT1 

1 

MFI 

Mean 1.000 1.015 1.146 1.050 

p value 0.687 a n/a n/a n/a 

NP+ 

Mean 1.000 0.908 1.100 0.910 

p value 0.316 a n/a n/a n/a 

5 

MFI 

Mean 1.000 0.942 1.126 0.974 

p value 0.023 a 0.095 b 0.005 b 
0.602 c 

0.016 d 

NP+ 

Mean 1.000 1.034 1.122 1.030 

p value 0.090 a n/a n/a n/a 

THP-1 

1 

MFI 

Mean 1.000 1.040 1.142 1.170 

p value 0.783 a n/a n/a n/a 

NP+ 

Mean 1.000 0.909 1.145 1.103 

p value 0.190 a n/a n/a n/a 

5 

MFI 

Mean 1.000 0.839 1.036 0.945 

p value 0.048 a 0.014 b 0.219 b 
0.386 c 

0.248 d 

NP+ 

Mean 1.000 0.975 1.073 1.058 

p value 0.067 a n/a n/a n/a 
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Figure 5.19: Effect of BSA and IAV on A-PS NP association. Relative cell 

association of amine polystyrene NP in A. A549 cells, B. TT1 cells and C. THP-1 cells following 

pre-incubation with 5µg/mL BSA and IAV. Left panel shows relative mean fluorescence intensity 

(MFI) and right panel shows relative number of NP positive (%NP+) cells. Data represents mean 

(black horizontal line) of at least three independent experiments. Statistics determined by 

Kruskal-Wallis and Mann Whitney U test. * p≤0.05 versus A-PS; # p≤0.05 versus A-PS and BSA; 

ϕ p≤0.05 versus A-PS and IAV. 
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 Toxicity of NP and IAV 5.3.4.

In order to assess the toxicity of the particle and influenza treatments 

MTT assays were conducted. Protocols were established to reflect the exposure 

conditions of the infection assays; particles were pre-incubated for an hour then 

IAV added to the particles and incubated for a further hour. The inoculum was 

added to serum starved cells for 1 hour then washed off and the cells incubated 

for a further 16 hours in serum free medium. The number of cells plated per 

well was optimised to produce a sub-maximal optical density reading for each 

cell type.   

A-PS and U-PS particles had no significant effect on the viability of A549 

cells up to 5 cm2/mL in the absence of IAV (p=0.871 and p=0.398 respectively; 

Kruskal-Wallis). IAV treatment in A549 cells resulted in an 11.5% reduction in 

cell viability. This was statistically significant with an associated p value of 

0.037. Pre-incubation of IAV with A-PS or U-PS tended to reduce IAV mediated 

toxicity in A549 cells. However, this was only statistically significant with the 

0.04 cm2/mL A-PS with IAV treatment that had an associated p value of 0.050.    

A-PS and U-PS particles had no significant effect on the viability of THP-

1 cells (p=0.191 and 0.411 respectively; Kruskal-Wallis). IAV resulted in a 17.3% 

reduction in THP-1 cell viability. This was statistically significant with an 

associated p value of 0.037. The pre-incubation of IAV with A-PS or U-PS had 

no significant effect on the IAV induced reduction in cell viability (p=0.399 and 

p=0.586 respectively; Kruskal-Wallis).    

A-PS and U-PS had no significant effect on the viability of TT1 cells for 

the studied time period (p=0.209 and p=0.339 respectively; Kruskal-Wallis see 

Figure 5.20B and Figure 5.21B). TT1 cells treated with IAV resulted in a 

significant 26.6% reduction in cell viability (p=0.037); however, the addition of 

A-PS or U-PS to IAV had no significant modulatory effect on this reduction 
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(p=0.375 and p=0.748 respectively; Kruskal-Wallis). UPS had no significant 

effect on TT1 clonogenic survival following 1 hour treatment (p=0.748; Kruskal-

Wallis see Figure 5.22). A-PS resulted in a dose dependent reduction in 

clonogenic survival which became significant at 0.04 cm2/mL with an associated 

p value of 0.037.    
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Figure 5.20: Cell viability following exposure to A-PS particles and influenza 

A virus in A. A549 B. TT1 and C. THP-1 cells. Data represents mean (±SEM) of three 

independent experiments.  Statistics determined using Kruskal-Wallis and Mann Whitney U 

test where *p≤0.050 vs. control; # p≤0.050 vs. IAV control. 
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Figure 5.21: Cell viability following exposure to U-PS particles and influenza 

A virus in A. A549 B. TT1 and C. THP-1 cells. Data represents mean (±SEM) of three 

independent experiments. Statistics determined using Kruskal-Wallis and Mann Whitney U test 

where *p≤0.050 vs. control; # p≤0.050 vs. IAV control. 
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Figure 5.22: Clonogenic survival of TT1 cells following 1 hour treatment with 

100nm A-PS or U-PS. Data represents mean (±SEM) of three independent experiments.  

 Discussion 5.4.

Exposure to airborne particulate matter has been shown in numerous 

epidemiological and toxicological studies to be associated with increased 

incidence and altered resolution of respiratory infections [215-217, 221, 222].  

However, the mechanisms behind this susceptibility remain poorly understood. 

We have previously shown that polystyrene nanoparticles can interact with SP-

A and SP-D and that this interaction can alter nanoparticle cellular uptake (see 

Chapter 3 and [291]). It was therefore hypothesised that nanoparticles would 

inhibit the ability of these collectins to neutralise viral challenges through 

sequestering the protein to the nanoparticle surface. Here we show for the first 

time that nanoparticles can modulate the ability of the innate immune 

molecules SP-A and SP-D to neutralise in vitro viral infection. This modulation 

was dependent on the protein, nanoparticle, nanoparticle concentration and cell 

type under investigation. This could be an important step in establishing the 
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mechanisms behind the increased susceptibility to infection following particle 

exposure.  

The current study evaluated the effect of a range of concentrations of 

100nm A-PS and U-PS particles on the surfactant protein mediated 

neutralisation of influenza infection in three cell lines. The cell lines were 

chosen to reflect those found within the alveolus, namely TT1, A549 and THP-1 

cells as models for ATI, ATII and AM respectively. A549 cells were derived 

from a lung adenocarcinoma and originally considered to be a model for ATII 

cells [293, 343, 344]. However, other investigators have shown that as they do 

not possess many of the typical ATII phenotypic characteristics such as 

surfactant production or alkaline phosphatase activity that they are not a good 

ATII model [324, 341, 342]. Despite these findings, A549 cells are one of the 

main cell types used to investigate the toxicity of nanoparticles on alveolar 

epithelial cells and have therefore been included in this study [295, 296, 356-

358].  

Unmodified polystyrene nanoparticles resulted in a biphasic modulation 

of influenza infection when incubated with SP-A in A549 cells or SP-D in TT1 

cells. Interestingly, low concentrations of amine-modified polystyrene also 

inhibited the neutralisation of IAV infection by SP-A in TT1 cells and with SP-D 

in A549 cells (i.e. the reciprocal to the effect with U-PS). This indicates that low 

in vitro nanoparticle concentrations can lead to deficiencies in surfactant 

proteins A and D which in turn can enhance the susceptibility to infection.   

U-PS pre-incubation with SP-A resulted in biphasic modulation of SP-A 

mediated IAV neutralisation in A549 cells. At low concentrations (0.0016 and 

0.04 cm2/mL) U-PS resulted in significant increases in IAV infection in A549 

cells compared to the IAV and SP-A treatment. These represented 23.2% and 

24.9% respective reductions in the ability of nhSP-A to neutralise IAV infection 
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in this system. Whereas, at the high concentration of 5cm2/mL a 48.4% increase 

in the neutralisation capability of SP-A was observed. At the same time, nhSP-A 

almost completely abolished U-PS uptake in A549 cells, as measured by either 

the number of NP positive cells or the MFI. This may be due to the high degree 

of SP-A mediated aggregation of U-PS particles seen in Chapter 3. This is 

supported by the concomitant enhancement of U-PS uptake by SP-A in the 

macrophage like THP-1 cells. The addition of IAV to the SP-A and U-PS 

treatment partially restored particle uptake in A549 cells. Moreover, IAV alone 

enhanced the uptake of U-PS particles by A549 cells and this effect was cell 

specific as it was not observed in either TT1 or THP-1 cells. The increase in U-PS 

uptake by IAV in A549 cells may be due to incidental uptake of U-PS particles 

during receptor mediated endocytosis of influenza virons. However, U-PS 

particles alone had no effect on IAV infection in the A549 cells at the 

concentrations studied. The addition of SP-A to IAV and U-PS treatments, 

enhanced the internalisation of U-PS over both the NP/SP-A and NP/IAV 

controls in each of the cell lines. This SP-A and IAV mediated increase was most 

pronounced in THP-1 cells whereby a synergistic enhancement of U-PS uptake 

was observed following SP-A and IAV treatment. SP-A has previously been 

reported to be an opsonin for IAV in rat alveolar macrophages [197]. It has also 

been shown that SP-A can enhance the aggregation of IAV virions [196]. The 

synergistic enhancement of U-PS uptake following SP-A and IAV pre-treatment 

could therefore be due to increased activation of SP-A and IAV exposed 

macrophages and/or, through the formation of SP-A/IAV/U-PS 

heteroaggregates. However, the difference between the A-PS and U-PS particles 

in this regard may suggest particle aggregation rather than activation. 

Heteroaggregation could also explain the reduction in IAV infection in A549 

cells at the higher concentration of particles in combination with SP-A. The 

opsonisation of IAV by SP-A into the THP-1 macrophage like cells could also 
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account for the reduced neutralising ability of SP-A in the THP-1 compared to 

the other cell lines. On the one hand, SP-A can reduce IAV infection by 

aggregating IAV virions and acting as a sialic acid reservoir thereby inhibiting 

the binding of IAV haemaglutinin to sialic acid cell receptors [196]. On the other 

hand, SP-A can enhance the phagocytic clearance and cellular uptake by 

macrophages [197]. The increase in U-PS uptake by SP-A in THP-1 cells was in 

agreement with the earlier work in RAW264.7 cells shown in Chapter 3.  

U-PS particles resulted in a biphasic modulation of SP-D activity against 

IAV in TT1 cells; the low 0.04 cm2/mL concentration resulted in a 46.9% 

reduction in SP-D function whereas at 5cm2/mL a 109.8% increase was 

observed. Moreover, the enhanced neutralising of IAV at the higher 

concentration was observed in all the cell lines following pre-incubation of U-

PS, IAV and nhSP-D. This could suggest that heteroaggregation of IAV and U-

PS mediated by SP-D. The reduced activity of surfactant protein function 

following interaction with low in vitro concentrations of nanoparticles shows 

that exposure to nano-sized materials can result in surfactant protein 

deficiencies. The implications of this could extend far beyond virus 

neutralisation by these collectins. As discussed in Chapter 1, the functions of 

SP-A and SP-D are multifaceted and the perturbation of their function has been 

linked to the pathogenesis of a number of diseases (e.g. COPD and idiopathic 

pulmonary fibrosis). Further work is necessary to determine the effect of 

nanoparticles on the other functions of SP-A and SP-D.   

The U-PS enhancement of SP-D mediated neutralisation at 5cm2/mL was 

most pronounced in TT1 and A549 cells. At this concentration the pre-

incubation of U-PS, SP-D and IAV resulted in a reduction in the number of U-

PS particles per cell in both of these cell lines compared to the respective IAV 

and NP treatment. However, this only achieved statistical significance in the 

A549 cells. Interestingly, at the 1cm2/mL NP concentration there was little effect 
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on the number of nanoparticles per cell between the IAV/NP and IAV/NP/SP-D 

treatments. This could support the hypothesis that high concentrations of 

nanoparticles are facilitating the aggregation of IAV virions by SP-D. The level 

of U-PS uptake was also not significantly different in the U-PS/IAV/SP-D 

treatment in A549 and TT1 cells compared to the U-PS and SP-D control. The 

proportion of cells containing nanoparticles however, was not significantly 

altered following the addition of SP-D to the U-PS and IAV treatment.  

In a previous study, acute high doses of carbon black resulted in a 

protective effect in mice against Streptococcus pneumonia [223]. The dose used in 

that study however, was 1000µg/ mouse given in 2 equal installations three 

days apart represents a dose far in excess of environmentally relevant 

concentrations. The current study shows that concentration is a critical factor in 

determining the effect of nanoparticles in infection models and that acute doses 

are not representative of chronic or low dose effects.  

rfhSP-D resulted in a modest reduction in A549 and TT1 cells but a non-

significant reduction in THP-1 cells. The concentration of rfhSP-D used in this 

study was 12.5 times more than that of the native protein. However, the level of 

IAV neutralisation was still much less with the fragment compared to the native 

protein. This is consistent with previous reports and the work in Chapter 4 

which shows that the oligomerisation of SP-D is an important mediator of IAV 

neutralisation [297, 333, 359].  

In chapter 3 it was shown that the interaction between nanoparticles and 

rfhSP-D resulted in the appearance of high molecular weight bands following 

SDS PAGE. It was therefore hypothesised that NP interaction with rfhSP-D 

could induce the formation of supratrimeric structures at the nano-bio interface 

and that this could potentially enhance the therapeutic potential of this protein. 

Furthermore, the ability of nanoparticles to enhance the nhSP-D mediated 
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neutralisation of IAV also indicated that a nanoparticle-SP-D conjugate may 

have therapeutic uses. However, the incubation of rfhSP-D with either A-PS or 

U-PS had no significant effect on the infection rate in the cell lines studied. This 

indicates that the oligomeric structure is important in this effect and may 

support the role of aggregation in this process as U-PS particles aggregated in 

the presence of nhSP-D but not rfhSP-D (Chapter 3 and [291]). In order to 

further study the effect of oligomerisation on nanoparticle modulation of SP-D 

neutralisation of IAV, recombinant full length Met11 and Thr11 SP-D 

preparations could be used to study supratrimeric and trimeric SP-D 

respectively [64]. In the future the effect of rfhSP-D interaction with 

nanoparticles with other viruses such as RSV should also be investigated.  

Interestingly, rfhSP-D but not BSA also resulted in a reduction in U-PS 

uptake in A549 cells. This suggests that surfactant proteins can reduce the 

uptake of unmodified polystyrene particles in A549 cells in a mechanism 

independent of particle aggregation. The incubation of U-PS with nhSP-D 

resulted in a much smaller reduction in NP uptake compared to either nhSP-A 

or rfhSP-D. This may be due to the much lower concentration used of nhSP-D 

(0.4 µg/mL) compared to SP-A/rfhSP-D used in the experiments (5 µg/mL). In 

order to establish the relative effects of these proteins on nanoparticle uptake in 

these cells these experiments could be repeated using the same protein 

concentrations.  

In these experiments the intracellular trafficking of the protein, 

nanoparticle and influenza virus will be important. Lamellar bodies are 

specialised organelles found in ATII cells which are involved in the packaging, 

storage and secretion of pulmonary surfactant [135, 136]. A549 cells appear to 

contain lamellar body like structures, typical of ATII cells, following prolonged 

culture at confluence [343, 360]. Extracellular SP-A is internalised by ATII cells 

by clathrin dependent endocytosis and is transported to lamellar bodies. The 



Chapter 5: NP modulate IAV neutralisation by SP-A/D 

224 

contents of these lamellar bodies are then exocytosed into the surrounding 

medium [344, 361, 362]. Nanoparticles have been shown to localise to lamellar 

bodies in A549 cells and this localisation has been proposed as a possible route 

of exocytosis [363]. It is therefore possible that SP-A is enhancing the 

localisation of U-PS to the lamellar body like structures and thereby facilitating 

their exocytosis. In comparison, TT1 cells have been shown to contain much 

fewer lamellar body like structures than A549 cells which is consistent with 

their representation as ATI and ATII models respectively [364]. A strong 

association of SP-A was observed with U-PS particles in the absorption 

experiments. rfhSP-D and SP-A possess similar theroretical isoelectric points of 

5.12 and 4.89 respectively. In the pH absorption experiments, a strong 

association was observed between rfhSP-D and the negatively charged 100nm 

particles but a weak association with the positively charged A-PS particles at 

acidic pH. At the lysosomal acidic pH therefore, the association between SP-A 

and U-PS could be maintained, therefore facilitating the transfer of SP-A/U-PS 

complexes to the lamellar bodies and the exocytosis from the A549 cells. 

However, the SP-A corona around the A-PS particles, which was only weakly 

associated with SP-A in the first place would be degraded at lysosomal pH and 

therefore the A-PS particles would not co-localise with SP-A in the lamellar 

bodies. It would be interesting to confirm this hypothesis using co-localisation 

assays for SP-A, nanoparticles and lamellar bodies. The role of exocytosis in 

A549 and the other cell types in these experiments should also be investigated.     

BSA was used in this study to examine the effect of a non-specific protein 

corona on IAV infection rates and nanoparticle uptake. This was done to 

determine whether any effects observed with surfactant proteins were due to 

surfactant protein specific effects or due to the presence of protein. BSA had no 

significant effect on IAV infection in any of the cells studied. The incubation of 

U-PS particles with BSA had no significant effect on IAV infection at any of the 
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concentrations or cell lines tested. BSA tended to result in a slight increase in 

the uptake of U-PS particles in A549 cells however, this was only significant for 

the MFI at the highest concentration. On the other hand BSA tended to reduce 

U-PS uptake in TT1 cells.    

In chapter 3, it was shown that A-PS particle uptake in the murine 

macrophage RAW264.7 cells was reduced following pre-incubation with nhSP-

A. However, in the current experiments, nhSP-A had little effect on the uptake 

of A-PS in the human macrophage like THP-1 cells. This difference may be due 

to a number of factors. Firstly, a different nanoparticle batch was used for these 

experiments. Although the particles had similar stabilities in the buffer used 

(i.e. stable at room temperature and self-agglomerating at physiological 

temperatures) and zeta potential to the particles used in Chapter 3. Different 

buffers were used in the experiments; in chapter 3 particles were pre-incubated 

with SP-A in TBS with calcium then diluted in SF RPMI, however in this 

chapter the cells were incubated with A-PS and SP-A in TBS with calcium. The 

current experiments also exposed the cells for an hour to the particles then the 

cells were washed and incubated in particle free buffer for 16 hours. However, 

in the previous experiments, uptake was quantified immediately following 

incubation for 1 hour.   

Biphasic modulations in surfactant protein function was also observed 

with A-PS particles in A549 with SP-D and in TT1 with SP-A. In A549 cells, the 

pre-incubation of 0.0016 cm2/mL A-PS with SP-D resulted in a significant 13% 

reduction in the ability of SP-D to neutralise IAV infection. Whereas in TT1 

cells, the pre-incubation of 0.04cm2/mL with nhSP-A resulted in a significant 

29.7% reduction in the ability of SP-A to neutralise IAV infection. Unlike the U-

PS particles, the high concentrations of A-PS particles did not enhance SP 

mediated IAV neutralisation in the cell lines studied. This may be due to the 

differences in the surface chemistries, protein binding affinities and the SP 
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mediated aggregation as discussed in chapter 3. This could also be due to the 

self agglomeration of A-PS particles at physiological temperatures. It may prove 

that at higher concentrations of A-PS particles than those studied here may also 

enhance the neutralisation capabilities of these surfactant proteins. However, 

due to the reduction in IAV infection at the highest concentration of A-PS 

studied in this investigation, it would not be advisable to use higher 

concentrations.  

Amine particles have been proposed to act as a proton sponge within the 

lysosome, resulting in enhanced proton pump activity, lysosomal swelling and 

rupture [246]. The acidification of the endosome is an important step in virus 

entry as it initiates the conformational change in the haemaglutinin and the 

fusion of viral and endosomal membranes [177, 184]. This could explain the 

reduction of IAV infection at the highest A-PS concentration studied; as the 

amine particles could be perturbing the acidification of the endosome and 

inhibiting IAV release and replication within the cell. However, other 

mechanisms may also be involved. For instance, the envelope of the IAV virion 

is derived from the host cellular membrane. Amine particles have been shown 

to bind anionic patches on cell membranes and this interaction has been shown 

to cause membrane disruptions [242, 243]. It is therefore possible that A-PS 

particles could be binding to the lipid virion envelope and either disrupting the 

integrity of the virion or sterically hindering its attachment to the cell 

membrane. As the A-PS particles self-aggomerate at physiological 

temperatures, the IAV could become entrapped within these aggregates thereby 

inhibiting virus attachment entry into the cell. This may be the reason that the 

effect of high concentrations of A-PS on IAV infection is less pronounced with 

the THP-1 cells, as phagocytes preferentially internalise larger particles [365]. 

Interestingly, in preliminary experiments high concentrations of U-PS particles 

(50 cm2/mL) were shown to inhibit IAV infection in A549 cells. Gold 
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nanoparticles have also been previously shown to inhibit HIV-1 infection 

through binding the surface viral glycoprotein (gp120) and inhibiting its 

attachment with CD4 cells [366]. The binding of these polystyrene nanoparticles 

to haemaglutinin should therefore be investigated.    

It was shown that BSA tended to enhance IAV infection in each of the 

cell lines when combined with 5cm2/mL A-PS compared to the particle 

treatment alone. However, this only achieved statistical significance in TT1 

cells. This indicates that a non-specific coating, reduced the ability of A-PS 

particles to reduce infection.   

 The biphasic modulation of surfactant protein mediated IAV 

neutralisation by A-PS and U-PS could suggest a protein sequestration 

mechanism at low particle concentrations and a particle aggregation 

mechanism at higher concentrations. Namely as the amount of particle in the in 

vitro system increases, the amount of ‘available protein’ in solution will 

decrease as the particles sequester the surfactant protein. As the concentration 

of nanoparticle increases further, the effect of protein sequestration on influenza 

infection is minimised and then reversed by the aggregation of nanoparticle 

and influenza complexes. The differences in the ability of the particles to 

modulate surfactant protein neutralisation in different cell lines could be linked 

to the ability of the cells to internalise the heteroaggregates. The effect of 

nanoparticle concentration on surfactant protein mediated nanoparticle 

aggregation with and without IAV needs to be evaluated further. This could be 

achieved using a combination of DLS, differential centrifugation sedimentation 

(DCS) and electron/fluorescent microscopy. 

  The issues presented in this discussion highlight a number of 

mechanistic pathways which could be involved in the effects observed during 

these experiments. It is likely that a combination of some or all of these factors 
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influence the resulting nanoparticle modulation of SP neutralisation of IAV 

infection and/or particle uptake.  

These experiments use a simple exposure system in TBS with calcium to 

minimise any differences in sugar inhibition between cell culture media and 

also to ensure sufficient calcium for the lectin activity of SP.  

ATI and ATII cells infect to a similar extent with human IAV strains 

however, the kinetics of progeny virion release differs between these cell types 

[354, 367]. This is consistent with observations in the current study of similar 

IAV infection rates in the TT1 and A549 cell lines. ATI cells are more sensitive to 

oxidant induced cell death following influenza infection than ATII cells [367].  

Interestingly, TT1 cells showed a greater reduction in cell viability following 

IAV treatment compared with A549 cells however, this was not statistically 

significant. Macrophages show different susceptibilities to IAV depending on 

the strain and differentiation status [329]. The ability of IAV strains to 

productively replicate in macrophages has been associated with enhanced IAV 

pathogenesis [330]. Virulent IAV strains, such as the avian IAV H5N1 and 

human H3N2, show enhanced pro-inflammatory and enhanced apoptosis in 

human blood derived macrophages [368]. A macrophage cell line showed 

enhanced oxidant induced apoptosis in IAV infected cells occurred between 8-

12 hours following infection [369]. In the current experiments the viability of 

THP-1 macrophages was analysed 16 hours post infection and therefore, the 

within the time frame of IAV induced apoptosis in macrophages. Indeed, IAV 

resulted in a significant 17% reduction in cell viability in the THP-1 cells. Low 

concentrations of A-PS particles antagonised the reduction in cell viability by 

IAV in A549 cells. This was not evident in the other cell lines. Interestingly, A-

PS particles had the greatest effect on IAV infection in this cell line. A-PS 

particles resulted in a dose dependent reduction in IAV infection in A549 cells 

and culminated in a significant 33.2% reduction in infection at 5cm2/mL. In TT1 
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cells the same treatment resulted in a significant 19.8% reduction in IAV and in 

THP-1 cells a non-significant 3.4% reduction was observed.   

Influenza entry is classically considered to be dependent on clathrin 

mediated endocytosis however, non-clathrin mediated endocytosis of influenza 

virus such as macropinocytosis, caveolae mediated and non-clathrin, non 

caveolae mediated endocytosis has also been described [178, 370, 371]. 

Nanoparticles have been reported to share these many of these endocytic 

pathways; the route of nanoparticle entry is not only dependent on the 

nanoparticle properties such as size, surface chemistry and the presence and 

content of the protein corona but also the cell type under investigation [240, 

372-376]. In this study nanoparticle uptake was quantified by flow cytometry in 

the two alveolar epithelial cell lines TT1 and A549 and macrophage like THP-1 

cells. The current study has reported the nanoparticle uptake as the relative 

number of particles per cell (MFI) and the relative number of cells containing 

nanoparticles. In these experiments excess particles were washed off following 

1 hour treatment and the cells incubated for a further 16 hours in serum free 

RPMI. Therefore, the quantification of nanoparticles should largely reflect 

nanoparticle uptake rather than association [324]. The three cell lines showed 

differential particle distributions with more U-PS positive A549 and TT1 cells 

than the THP-1 cells. However, A549 cells tended to contain less particles per 

cell than the other two cell lines. The distribution of U-PS in THP-1 cells may be 

due to the “positive selection” of macrophages containing particles 

preferentially internalising particles. This has been reported previously for 

500nm and 1µm particles in macrophages [377]. There was also a much greater 

increase in the MFI compared to the NP+ cells between the 1 and 5 cm2/mL 

concentrations for the U-PS particles in each of the cell lines. This is because the 

proportion of nanoparticle containing cells approaching maximal levels and 

indicates that the nanoparticles are accumulating within the cell. A-PS uptake 



Chapter 5: NP modulate IAV neutralisation by SP-A/D 

230 

was greatest in the THP-1 cells compared to the other cell lines. This increase 

was evident in terms of both number of nanoparticle positive cells and relative 

number of particles in the cell. Macrophages are professional phagocytes and as 

such are capable of phagocytosing infectious and non-infectious particles. 

Macrophages have been shown to phagocytise particles between 300nm to 

more than 20µm [378-380]. However, the optimal size range for phagocytosis 

has been reported is 2-3µm [381]. Macrophages have been shown to favour the 

uptake of large particles whereas non-phagocytic cells favour smaller particles 

[365]. The self-agglomeration of the A-PS particles could therefore enhance the 

phagocytosis of these amine particles by THP-1 cells and reduce cellular uptake 

by the epithelial cells. Immortalised ATI like cells have previously been shown 

to internalise a greater number of negatively charged particles (C-PS; 50nm and 

1µm) than primary human ATII cells. Although the effect was much more 

pronounced in the published compared to the current study [324].   

Here I propose that the differences in the ability of nanoparticles to 

modulate the surfactant protein under investigation may be due to the different 

capabilities of the cell lines to internalise NP/protein/IAV complexes. As 

mentioned previously, macrophages tend to favour the uptake of larger 

particles through phagocytosis and epithelial cells tend to take up smaller 

particles through endocytosis. Caveolin-1 is a structural protein in caveolae and 

is involved in caveolae mediated endocytosis [382]. One of the biomarkers for 

the trans-differentiation of ATII cells into ATI cells is the expression of caveolin-

1 in ATI but not their progenitor [383]. A549 cells have been shown to be able to 

internalise particles through caveolae mediated endocytosis [372, 376, 384, 385]. 

However, A549 cells have been shown to previously been shown to express 

little caveolin-1 in comparison to the TT1 cell line [341]. This is consistent with 

their respective alveolar epithelial cell phonotype. Particles less than 200nm are 

internalised almost exclusively by clathrin mediated endocytosis; whereas 
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larger particles 200 to 500nm in size are internalised by caveolae mediated 

endocytosis [386]. It is therefore, hypothesised that the TT1 cells which have 

higher caveolin-1 expression compared to A549 cells will have a greater 

capacity to internalise nanoparticles following surfactant protein mediated 

aggregation.  

In addition of endocytosis, exocytic mechanisms may also influence 

nanoparticle accumulation within the cells. Cationic particles have been shown 

to be internalised by clathrin dependent and exoytosed by caveolae dependent 

mechanisms in an airway epithelial cell line  [240]. In order to establish the role 

of exocytosis and endocytic mechanisms in the uptake of particles with and 

without IAV transport, inhibitors could be used to block each of these pathways 

before particle treatment. The current study utilised an antibody which detected 

cellular infection with influenza. It would be interesting to also determine 

whether similar effects are observed with influenza uptake into each of these 

cell lines. It is conceivable that the nanoparticle and protein treatments could 

alter the ability of the virus to escape the endosomal compartment or replicate 

within the host cell. It would be especially interesting to determine IAV uptake 

and co-localisation in the THP-1 cells where U-PS and SP-A where a synergistic 

enhancement of U-PS uptake was observed with the triple treatment.  

Cytokine and chemokine expression in influenza infection plays a key 

role in pathogenesis of the infection. Influenza has been shown to activate the 

NLRP inflammasome [387]. The dysregulation of NLRP3 activation has been 

associated with IAV disease severity [388]. Interestingly, NLRP3 activation by 

A-PS, titanium dioxide and silica particles has also been reported [245, 389]. 

Some nanoparticles may therefore be able to exacerbate IAV cytokine 

expression and increase the severity of the infection. Supernatants from these 

experiments have been retained and could be analysed at a later date to 

examine inflammatory response to these treatments.  
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It has previously been shown that SP-A and SP-D can modulate the 

uptake of nanoparticles by macrophages and that this effect is dependent on the 

hydrophobicity of the nanoparticle surface. However, following pre-incubation 

with surfactant lipids, the effect of SP-A and SP-D on nanoparticle uptake is 

negated [267]. In future studies, it would therefore be interesting to study the 

effect of surfactant lipids on the nanoparticle mediated reduction in surfactant 

protein function.     

Individuals with existing respiratory conditions such as COPD show 

reduced levels of pulmonary SP-A and SP-D levels due to their translocation to 

the systemic circulation. These individuals show enhanced susceptibility to 

infections especially following enhanced particulate matter exposure. The 

sequestration of SP-A and SP-D by particles within the alveolus could therefore, 

play an important role in the pathogenesis of this susceptibility. The results 

from the current study show that nanoparticles can sequester surfactant 

proteins and that this sequestration can lead to a reduction in surfactant protein 

function. However, there were a number of factors, which affected the ability of 

the nanoparticle to alter protein function. A key determining factor was the 

concentration of the nanoparticles used in the study. Reductions in the 

surfactant protein function were only observed at the lower two concentrations 

used in this study. At higher concentrations, either no effect was observed or 

nanoparticles resulted in enhanced surfactant protein activity. Many toxicity 

studies use high acute doses to determine the toxicokinetics of exogenous 

substances; this practice seems to be particularly prevalent in nanotoxicology. 

However, this study shows fundamental differences between high (acute) and 

low (chronic) concentrations. The highest concentration used in the current 

study was 5cm2/mL which is equivalent to approximately 8.8 µg/mL. Even this 

dose is modest compared to other in vitro nanotoxicology studies, which 

typically range between 10 and 300µg/mL [243, 390-393]. The low 
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concentrations used this study therefore, represent several times less than those 

used in conventional nanotoxicology studies. The low doses used in this study 

(0.0028 and 0.07µg/mL for 0.0016cm2/mL and 0.04cm2/mL respectively) are 

more likely to represent chronic exposure whereby the surfactant system is 

gradually depleted rather than acute concentrations where the surfactant is 

rapidly overwhelmed.  

These results demonstrate the difficulties in using acute high 

concentrations in vitro and extrapolating the results towards environmentally 

relevant concentrations associated with chronic exposure. This model is the first 

step in developing a chronic in vitro exposure system. In future, the model will 

be developed further to determine the effect of chronic long term pre-exposure 

to nanoparticles on influenza infection and surfactant protein mediated 

neutralisation. This study highlights the urgent need for further investment and 

research into SP-A and SP-D sequestration by nanoparticles and the resulting 

effects of this sequestration on protein function.  
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: Development of in vitro bacterial opsonisation Chapter 6

and stimulation assays  

 Introduction 6.1.

The pulmonary collectins are involved in the clearance and resolution of 

bacterial infections. This process involves modulating the inflammatory 

response to bacterial components such as lipopolysaccharide [34, 101-103]. In 

this chapter the ability of rfhSP-D to modulate the inflammatory response, 

namely the production of tumour necrosis factor-alpha (TNFα), by 

macrophages following LPS stimulation was investigated. This chapter also 

investigates the effect of two different oligomeric forms of SP-D on the 

aggregation and uptake of E. coli in the murine RAW264.7 macrophage like cell 

line. This experimental protocol was optimised in order to develop an assay to 

investigate the effect of nanoparticles on collectin mediated opsonisation of 

bacteria.  

 Methods 6.2.

 Bacterial opsonisation 6.2.1.

E. coli (K-12 strain) pHrodo bio-particles were purchased from Invitrogen 

(UK). E. coli bioparticles (4 x105/well) were seeded into 96 well round bottom 

plates in 10µl aliquots in TBS containing 5mM calcium. Equal volumes of 

protein or FBS were added to each well at 5 times the final concentration in TBS 

with calcium. SP-D used in these experiments was purified by Paul Townsend. 

The bacteria and protein suspensions were then incubated for 1 hour at 37°C. 

RAW264.7 cells were washed three times in serum free RPMI, scraped and 30µl 

per well was added at a density of 1.67x106 cells/mL. The cells were incubated in 
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suspension with the bacteria and protein for 1 hour at 37°C in a humidified 

atmosphere. The cells were then placed on ice and 10,000 cells per sample were 

analysed using a BD FACS Aria.  

 Bacterial aggregation 6.2.2.

Fluorescein labelled E. coli (K-12 strain) bioparticles (Molecular Probes, 

Invitrogen, UK) were incubated with collectins in TBS with calcium as 

described in section 6.2.1. Following incubation for 1 hour at 37°C the bacteria 

and protein suspensions were placed on microscope slides, covered with 

coverslips and imaged using a fluorescent microscope.   

 LPS stimulation 6.2.3.

RAW264.7 cells were stimulated with LPS as described previously [394]. 

RAW 264.7 cells were seeded into 24 well plates (2.5x105 /well) in complete 

RPMI and incubated for 42 hours at 37°C 5% CO2. The medium was then 

removed and replaced with complete medium containing 0, 0.01, 0.1, 1, 10 or 

100ng/mL smooth LPS from Klebsella pneumonia (L1770, Sigma, UK) with or 

without 10µg/mL rfhSP-D and incubated for 0.5, 1, 2, 4, 6 or 24 hours at 37°C 

5%CO2. Supernatants were then aliquoted and frozen at -20°C until needed. The 

concentration of TNFα in these supernatants was determined by enzyme linked 

immunosorbant analysis (ELISA) and the cells were fixed in 1% formaldehyde 

for 1 hour.  

 ELISA 6.2.4.

A mouse TNFα ELISA was carried out as recommended by the 

manufacturer (R and D Systems, Abington, UK). Briefly, 96 well plates were 

coated with 100µL of capture antibody (0.8µg/mL in PBS) and incubated at 

room temperature overnight. The wells were washed three times in PBS 
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containing 0.05% Tween20 (wash buffer) and then incubated for 1 hour in 

300µL of PBS containing 1% bovine serum albumin (reagent diluent). The wells 

were then washed again three times with wash buffer. A 7 point two fold serial 

dilution standard curve with a top concentration of 2000pg/mL was prepared in 

duplicate in RPMI containing 10% FBS. Samples and standards (100µL) were 

added to the wells and incubated for 2 hours at room temperature. The wells 

were washed three times with wash buffer and then incubated in 100µL of 

detection antibody (200ng/mL diluted in reagent diluent) at room temperature 

for two hours. The wells were washed three times with wash buffer and then 

incubated with a 100µL of Streptavidin-HRP (diluted 1 in 200 in reagent 

diluent) for 20 minutes at room temperature. The wells were washed three 

times with wash buffer and then incubated for 20 minutes in 100µL 

tetramethylbenzidine (TMB; Thermo Scientific, Northumberland, UK). The 

reaction was stopped using 50µL of 0.5M sulphuric acid and the absorbance 

was measured at 450nm.   

 Statistics 6.2.5.

In the opsonisation experiments the difference between each concentration 

of protein was determined using the independent t test against E. coli alone.  

The significance of the differences between LPS treatments was determined 

using analysis of variance (ANOVA) followed by a post hoc test for the least 

significant difference (LSD). p values of ≤0.05 were considered statistically 

significant. All statistical tests were carried out using SPSS/PASW version 17 or 

21.  
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 Results 6.3.

 Opsonisation of bacteria by collectins 6.3.1.

SP-D has previously been reported to enhance E. coli clearance by 

phagocytes [395]. In order to determine whether nanoparticles could effect SP-D 

mediated opsonisation concentration curves of 800kDa and 1.7mDa nhSP-D 

were performed to determine their effect on E. coli uptake in RAW264.7 

macrophage-like cells. The results, presented in Figure 6.1, shows that low 

concentrations of 1.7mDa nhSP-D resulted in increased E. coli uptake by 

RAW264.7 cells. This culminated in increases of 13.4% and 26.2% in the number 

of E. coli containing cells at 0.004 and 0.016µg/mL 1.7mDa SP-D respectively. 

These increases were statistically significant with associated p values of 0.045 

and 0.036 respectively (t test). Pre-incubation of E. coli with 0.008 µg/mL of 

1.7mDa SP-D also resulted in a 10% increase in E. coli uptake. However, this 

increase did not reach statistical significance (p=0.091; t test). At higher 

concentrations (>0.25µg/mL) pre-incubation of E. coli with 1.7mDa nhSP-D 

resulted in a dose dependent decrease in E. coli uptake. This dose dependent 

reduction in E. coli uptake achieved statistical significance at 1 µg/mL 1.7mDa 

SP-D (p=0.004; t test). The 800kDa nhSP-D oligomer resulted in a 15.7% increase 

in E. coli uptake at 0.5µg/mL. This was statistically significant with an 

associated p value of 0.050 (t test). No other concentration of 800kDa nhSP-D 

resulted in a significant change in E. coli uptake.  
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Figure 6.1: Effect of nhSP-D multimerisation on E. coli uptake in RAW264.7 

cells. Data represents mean (±SEM) of four independent experiments conducted in duplicate. 

Statistics determined using t test where * p≤0.05 compared with E. coli control; **p<0.005 

compared with E. coli control.  

The effect of nhSP-A and rfhSP-D on E. coli uptake was also examined to 

determine whether these could be used in nanoparticle containing experiments. 

The results shown in Figure 6.2, show that the pre-incubation of E. coli with 

10µg/mL nhSP-A resulted in a 13.9% reduction in E. coli uptake. However, this 

reduction did not reach statistical significance with an associated p value of 

0.152 (t test). Pre-incubation of E. coli with 10 µg/mL rfhSP-D resulted in an 11% 

increase in bacteria uptake by RAW cells although this did not reach statistical 

significance (p=0.130; t test). Preliminary dose response curves were also 

conducted using nhSP-A and rfhSP-D and showed similar results to those 

presented here (data not shown). The effect of bovine serum albumin (BSA) and 

foetal bovine serum (FBS) on E. coli uptake were used as negative and positives 

controls respectively. BSA had no significant effect on E. coli uptake (p=0.594; t 

test) whereas 10% FBS resulted in a significant 2.3fold increase in bacteria 

uptake (p=0.010; t test). This confirms that the E. coli bioparticles are susceptible 

to opsonisation in this assay system.  
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Due to the biphasic effect of 1.7mDa SP-D and the lack of effect of the 

other collectins on E. coli uptake in RAW264.7 cells it was decided not to 

examine the effect of nanoparticles in this system.  

 

Figure 6.2: Effect of proteins on E. coli uptake in RAW264.7 cells; 10µg/mL SP-A, 

rfhSP-D or bovine serum albumin (BSA) or 10% foetal bovine serum (FBS) were pre-incubated 

with pHrodo labelled E. coli bioparticles for 1 hour prior to incubation with RAW264.7 cells. 

Results represent mean (±SEM) of at least three independent experiments. *p<0.050 verses E coli 

alone (control) using independent t test 

 Aggregation of bacteria by collectins 6.3.2.

The 1.7mDa SP-D mediated reduction in E. coli uptake by the RAW264.7 

cells was unexpected. SP-D has previously been reported to enhance E. coli 

uptake in part through inducing the agglomeration of this bacteria. Due to the 

initial increase in E. coli uptake at lower concentrations before the incremental 

reduction it was hypothesised that the 1.7mDa SP-D was aggregating the E. coli 

and that at higher concentrations the formation of ‘super-aggregates’ would 

inhibit bacterial clearance. In order to test this hypothesis, FITC labelled 

bacteria were pre-incubated with nhSP-D and bacterial aggregation was 

examined using fluorescent microscopy. The results summarised in Figure 6.3 

show that low concentrations of 1.7mDa resulted in the formation of small 

bacterial aggregates. At higher concentrations (up to 2.5µg/mL) aggregates up 
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to 80µm in size were observed. The effect of 800kDa SP-D on E. coli aggregation 

was also examined (see Figure 6.3G). Even at 2.5µg/mL only small bacterial 

aggregates were observed. Due to the SP-A contamination of the 800kDa SP-D 

preparation (see Chapter 3) it was also examined whether nhSP-A could induce 

E. coli aggregation or whether it could inhibit the formation of ‘super-

aggregates’ by 1.7mDa SP-D. Figure 6.3H shows that 2.5µg/mL nhSP-A tended 

not to induce E. coli aggregation. Moreover, nhSP-A did not affect the 

aggregation of E. coli induced by 1.7mDa SP-D (data not shown).  
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A. 

 

B. 

 

C. 

 

D. 

 

E. 

 

F. 

 

G. 

 

H. 

 

Figure 6.3: Effect of nhSP-D on E. coli aggregation. A. FITC labelled E. coli were 

incubated in TBS and 5mM calcium with B. 0.01 µg/mL 1.7mDa nhSP-D; C. 0.04 µg/mL 1.7mDa 

nhSP-D; D. 0.15 µg/mL 1.7mDa nhSP-D; E. 0.625 µg/mL 1.7mDa nhSP-D; F. 2.5 µg/mL 1.7mDa 

nhSP-D; G. 2.5 µg/mL 800kDa nhSP-D; H. 2.5 µg/mL nhSP-A. Represent micrographs from 

three similar independent experiments. Scale bar represents 20µm.    
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 LPS stimulation 6.3.3.

TNFα secretion is a well characterised response to LPS stimulation in 

macrophages [103]. The murine macrophage cell line RAW264.7 was first 

stimulated with smooth lipopolysaccharides (LPS) from Klebsella pneumonia to 

confirm that these cells were sensitive to LPS induced TNFα secretion. Smooth 

LPS was chosen as both SP-A and SP-D have previously been reported to 

inhibit sLPS induced TNFα in macrophages [103, 105, 396]. Preliminary 

experiments showed that LPS induced a dose dependent increase in TNFα 

secretion in RAW264.7 cells following incubation for 6hours (see Figure 6.4). 

Cells stimulated with 0.01 and 0.1ng/mL of LPS showed minor increases of 3 

and 14% respectively in TNFα secretion compared to basal levels. These 

differences were not statistically significant with p values of 0.996 and 0.986 

respectively (LSD). Stimulation of these macrophages with 1ng/mL LPS 

resulted in an 8 fold increase in TNFα production; however, this increase was 

not statistically significant (p=0.346; LSD). RAW264.7 cells stimulated with 10 

and 100ng/mL LPS resulted in large 63 and 115 fold increases in TNFα 

production compared to un-stimulated cells. These increases were highly 

statistically significant with p values of <0.001 (LSD). Secondly, we wanted to 

determine whether rfhSP-D could modulate LPS induced TNFα secretion in 

these cells. The co-incubation of 10µg/mL of rfhSP-D with LPS tended to result 

in a reduction in the amount of TNFα secreted. Basal concentrations of TNFα 

were not modified by the addition of 10µg/mL rfhSP-D. rfhSP-D resulted in an 

18% reduction in TNFα secretion induced by 1ng/mL LPS. However, this 

reduction was not statistically significant with a p value of 0.829. TNFα induced 

by 10 and 100ng/mL LPS were also reduced by rfhSP-D; these 16% and 12% 

reductions were not statistically significant with p values of 0.189 and 0.070 

respectively.  
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Figure 6.4: TNFα secretion by RAW264.7 cells stimulated for 6 hours with 

LPS from Klebsiella pneumoniae with or without the addition of 10µg/mL of 

rfhSP-D; results represent mean (±SEM; n=7); ***p<0.001 vs. un-stimulated (LSD).   

In order to determine the time course of LPS induction of TNFα in 

macrophages RAW264.7 cells were incubated for 30minutes, 1, 2, 4, 6 and 24 

hours with varying concentrations of LPS (Figure 6.5). The results show that 

TNFα could not be detected after incubation with up to 100ng/mL of LPS for 30 

minutes. Following 1 hour of incubation LPS induction of TNFα was evident at 

the 3 highest LPS concentrations where 1, 10 and 100 ng/mL of LPS resulted in 

1.2 fold, 7 fold and 26 fold respective increases in TNFα; however, with 

respective p values of 0.982, 0.571 and 0.027 only the highest concentration 

achieved statistical significance (LSD). Incubation of RAW264.7 cells with 

1ng/mL LPS for 2, 4, 6 and 24 hours resulted in 5, 8, 7 and 4 fold respective 

increases in TNFα production over un-stimulated controls. However, these 

increases were not statistically significant with p values of 0.354, 0.467 0.515 and 

0.664 respectively (LSD).  Stimulation of RAW264.7 cells with 10ng/mL LPS for 

2, 4, 6 and 24 hours resulted in 51, 46, 50 and 22 fold respective increases in 

TNFα production compared to un-stimulated cells. These increases were highly 
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statistically significant with associated p values of <0.001 for the 2, 4, and 6 hour 

and 0.006 for the 24 hour time point (LSD). RAW264.7 cells stimulated with 

100ng/mL LPS for 2, 4, 6 and 24 hours secreted 63, 96, 92 and 63 fold more 

TNFα than their un-stimulated counterparts. These increases were highly 

statistically significant with p values of <0.001 (LSD).  

 

 

Figure 6.5: Timeline of TNFα secretion by RAW264.7 cells stimulated with 

varying concentrations of LPS from Klebsiella pneumoniae; results represent mean 

(±SEM; n=3 except 6 hour time point where n=7) ζ p<0.05 vs. un-stimulated levels at same time 

point;  ζ ζ ζ  p<0.001 vs. un-stimulated levels at same time point; ε p<0.05 10 vs. 100ng/mL LPS 

at same time point; ε ε ε  p<0.001 10 vs. 100ng/mL LPS at same time point δ δ δ p<0.001; 1 vs. 

10ng/mL LPS at same time point *p<0.05 vs. preceding time point; ¶ p=0.002; vs. 2 hour time 

point § p<0.05; 2 vs. 24 hour treatment. Significance determined by post hoc test for LSD. The 

colour of the symbol represents the concentration of LPS to which it applies; where the symbol 

is black it represents variance between adjacent concentrations. 
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Un-stimulated RAW264.7 cells secreted increasing amounts of TNFα 

over 24 hours (p=0.001; ANOVA) with a significant 75% increase between 6 and 

24 hours (p=0.022; LSD). RAW264.7 cells stimulated with 0.01 and 0.1ng/mL 

LPS also showed significant increases in TNFα production over time (p=0.001 

and p<0.001 respectively; ANOVA). However, no increases in TNFα production 

was seen between un-stimulated and 0.01 or 0.1ng/mL LPS treated cells at any 

time point (p=0.919 and p=0.955 respectively; ANOVA). RAW264.7 cells treated 

with 10ng/mL LPS showed a statistically significant 12 fold increase in TNFα 

secretion between 1 and 2 hours (p=0.002; LSD). TNFα secretion continued to 

increase steadily up to 6 hours with incremental increases of 46 and 22% 

between 2-4 and 4-6 hours respectively. These increases were not statistically 

significant with respective p values of 0.071 and 0.186 (LSD). The 79% increase 

in TNFα secreted by cells stimulated with 10ng/mL LPS between 2 and 6 hours 

was statistically significant with a p value of 0.002. There was a 3.9 fold increase 

between 1 and 2 hours in TNFα production by cells treated with 100ng/mL LPS. 

However, this increase was not statistically significant (p=0.148; LSD). The 2.4 

fold increase in TNFα production between 2 and 4 hours in the 100ng/mL LPS 

treatment was statistically significant (p=0.011; LSD). The level of TNFα 

secretion continued to rise incrementally between 4, 6 and 24 hours with 

respective 9 and 19% increases between these time points; however, these 

increases were not statistically significant. There was a 30% increase in TNFα 

production by cells stimulated with 100ng/mL of LPS between 4 and 24 hours; 

however, this increase was not statistically significant (p=0.141; LSD).    
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Figure 6.6: TNFα secretion by RAW267.4 cells following co-incubation of 10 

µg/mL rfhSP-D with LPS from Klebsella pneunomoniae at different time 

points; data represents mean ±SEM (n=3; except for 6 hours where n=7) * p=0.014 vs. 100ng/mL 

without rfhSP-D (LSD). Note different scales on the y axis.    

The effect of rfhSP-D on LPS stimulation over this time course was also 

studied (see Figure 6.6). rfhSP-D tended to cause a reduction in the amount of 

TNFα secreted by RAW264.7 cells at various time points. Co-treatment with 

rfhSP-D with 100ng/mL LPS reduced TNFα secretion by 9 and 10.5% after 

incubation for 2 and 4 hours respectively. However, these reductions were not 

statistically significant with p values of p=0248 and p=0.318 (LSD). rfhSP-D did 

not modify the TNFα secretion induced by 100ng/mL LPS at either 2 or 4 hours. 

There was a 12% reduction following 24 hours co-incubation of rfhSP-D with 

1ng/mL LPS but this was not statistically significant (p=0.971).  Maximal 

inhibition of TNFα secretion by rfhSP-D occurred following co-incubation with 

100ng/mL of LPS for 24 hours; this treatment resulted in a significant 29.5% 

reduction in TNFα production (p= 0.014).  
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 Discussion 6.4.

Increased particulate burden in rats has been shown to lead to worse 

outcomes in pulmonary bacterial infections [397]. It has also been shown that 

macrophage exposure to particles reduces the phagocytic capacity of alveolar 

macrophages [398-400]. SP-D has been reported to neutralise gram negative 

bacteria through binding to lipopolysaccharide on the outer membrane of the 

bacterial cell. This binding has reported to be result in the agglutination and/or 

opsonisation of gram negative bacteria such as E. coli and H. influenzae [401, 

402]. It was therefore hypothesised that nanoparticles could alter the ability of 

SP-A and SP-D to opsonise bacteria. In order to test this hypothesis a reliable 

assay needed to be developed. In the course of this development it was 

observed that the higher order 1.7mDa SP-D oligomer resulted in a biphasic 

modulation of E. coli uptake with low concentrations enhancing uptake and 

higher concentrations reducing uptake. This is consistent with a previously 

published paper which showed that multimeric SP-D enhanced phagocytosis of 

E. coli at lower concentrations but not at higher concentrations [395]. However, 

this paper did not report a reduction in E. coli clearance by higher 

concentrations of SP-D even at concentrations twice the effective dose of the 

current study. The incubation of 1.7mDa SP-D resulted in a dose dependent 

increase in the size of bacteria aggregates, at 2.5µg/mL this resulted in 

aggregates reaching sizes of up to 80µm in size. These results suggest that 

whilst low concentrations can enhance the phagocytosis of these bacteria, 

higher concentrations may enhance the uptake by other non-phagocytic 

mechanisms (i.e. mucociliary escalator). The lack of opsonisation of E. coli by 

SP-A may be due to insufficient SP-A concentrations; Hartshorn and colleagues 

(1998) showed that concentrations of more than 16 µg/mL nhSP-A was required 

to produce marked aggregation of E. coli.    
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It has previously been shown that a recombinant fragment of SP-D 

containing 2 Gly-X-Y triplets is approximately 6 times less effective at inducing 

E. coli aggregation than native protein [403]. However, in the current study 

concentrations up to 10 µg/mL had no significant effect on the uptake of E. coli. 

This highlights the importance of the oligomeric state of SP-D in E. coli 

aggregation and uptake as this is more than 600 times the concentration of 

1.7mDa SP-D shown to enhance E. coli uptake in RAW264.7 cells.   

As the opsonic effect of 1.7mDa was fairly narrow and higher 

concentrations of protein resulted in significant reductions in bacterial uptake it 

was not an appropriate system to examine nanoparticle modulation of SP 

opsonisation. In the future, different bacterial bioparticles such as the gram 

positive bacteria S. aureus could be developed for this use. Furthermore, the 

effect of nanoparticles on the AP-A and SP-D mediated neutralisation of live 

bacterial infections could be investigated in vitro or in vivo.  

The E. coli that was used in this study was tagged with a pH dependent 

fluorescent dye. This means that only bacteria inside phago-lysosomes can be 

detected. The level of background fluorescence by these bio-particles was 

assessed by exposing fixed cells to these bio-particles (data not shown). This 

confirmed that the mean percent of bacteria positive RAW264.7 cells represents 

only active uptake.  

TNFα is a pyrogenic cytokine which is one of the first cytokines to be 

produced by macrophage-like cells following LPS stimulation [404].  SP-A and 

SP-D have been shown to modulate the cellular response to LPS, causing a 

reduction in TNFα production by sLPS stimulated macrophages.  SP-A has 

previously been shown to be more effective at inhibiting the interaction of CD14 

with sLPS than SP-D [101, 104]. A neck, CRD SP-D fragment has previously 

been shown to bind to LPS from K. pneumonia, and E. coli to a similar degree to 
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native SP-D [405]. In order to assess the ability of rfhSP-D to modulate TNFα 

secretion by sLPS stimulated macrophages, an in vitro assay was developed 

using the murine macrophage RAW264.7 cell line. The stimulation of 

RAW264.7 cells with sLPS from K. pneumonia was concentration dependent and 

reached maximal levels following 4-6 hours incubation. This is consistent with 

previous reports which have shown that LPS stimulation of PBMCs or PMA 

differentiated U937 macrophages resulted in maximal levels at 4 and 6-12 hours 

respectively [404, 406, 407]. The ability of rfhSP-D to reduce the production of 

this pyrogenic cytokine was increased with incubation time at the highest 

concentration of LPS. This shows that the protein is functionally active. 

Interestingly, rfhSP-D did not appear to reduce TNFα production by RAW264.7 

cells following stimulation with 1ng/mL LPS. This may be due the presence of 

FBS in the system which can suppress the production of TNFα in macrophage 

like cells following LPS stimulation [408]. This could be due to the presence of 

collectins in FBS such as MBL, conglutinin, CL-43 and CL-46 [409]. In future 

studies, the effect of rfhSP-D on LPS stimulation of macrophages will be 

investigated in the absence of serum. Following this optimisation, this assay 

could be used to assess the effect of nanoparticles on the biological activity of 

this protein.  

The inability of rfhSP-D to induce a TNFα response in these cells 

supports the Limulus Amoebocyte Lysate assay which showed minimal 

endotoxin contamination of the rfhSP-D preparation (0.105ng/µg). Low 

endotoxin levels in these preparations are critical as excess endotoxin may 

modify lectin activity, induce inflammatory response in cells and/ or alter 

cellular response to experimental stressors [410]. Lei et al. 2011 showed that 0.1 

and 1ng/mL sLPS from E. coli induced the production of ~2000 and 12000pg/mL 

of TNFα respectively in RAW264.7 cells over 6 hours. The results from the 

current study showed that the threshold for TNFα induction was between 0.1 
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and 1ng/mL of sLPS from Klebsella pneumonia. This study showed 2000pg/mL 

TNFα production by RAW264.7 cells following 1ng/mL LPS over the same time 

period as the Lei (2011) study; the difference between these values is likely to be 

due to differences in LPS subtypes. The results indicate that rfhSP-D may 

reduce the inflammatory response to bacterial ligands and aid in the resolution 

of bacterial induced inflammation.  
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: Development of Coherent Anti-Stokes Ramen Chapter 7

Scattering as a detection method for unlabelled lipids 

and nanoparticles.  

 Introduction 7.1.

Coherent anti-stokes raman scattering (CARS) was first developed in 

the 1960’s as a method for spectroscopic analysis of crystalline structures 

[411]. Pioneering work by Duncan et al. in 1982 developed a microscope based 

on CARS principles [412]. However, it wasn’t until developments by Xie and 

colleagues in 1999 who showed that CARS could be used to resolve sub-

cellular components within cells that the possible advantages of CARS 

especially for biomedical applications became apparent [413]. CARS utilises 

three electromagnetic fields termed the “pump”, “stoke” and “probe” fields; 

the probe field is usually at the same frequency and emitted by the same laser 

as the pump providing a two photon resonance beam. The role of the pump 

and stokes beams in generating the anti-stokes signal is summarised in Figure 

7.1. When the energy difference between the pump and stokes frequencies, 

termed the beating frequency, is in resonance (i.e. equal to) the energy 

difference between the ground and vibrational state then a strong anti-stokes 

signal is produced. The photons of the anti-stokes signal are collected for 

imaging [412, 413].       
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Figure 7.1: Energy level diagram for CARS. The pump beam (VP) illuminates the 

sample and forces the photon from its native ground state into a virtual state. Simultaneous 

illumination with the longer wavelength stokes beam (VS) is achieved through a shorter path 

length and forces the photon to the vibrational state. The probe field shifts the photon into a 

second virtual state from where it relaxes back to the ground state emitting an anti-stokes 

signal (VAS). Adapted from [413].  

The intensity of the CARS signal is determined by the local 

concentration of the molecular species and therefore, can be used for 

quantitative analysis of these species . Lipids are rich in C-H stretches and are 

therefore ideal targets for CARS microscopy. In fact, several studies have 

investigated CARS for use in the diagnosis of cancer, atherosclerosis and fatty 

liver disease as well as to examine demyelination processes in neurons in situ 

[414-417]. In cancer diagnostics, CARS has been used to identify circulating 

cancer cells by their enhanced lipid accumulation, and can highlight tumour 

margins during surgery, [417-419]. CARS has also been used to identify the 

localisation of metal oxide and polystyrene nanoparticles within biological 

tissues [413, 420-422].  

Although CARS has been investigated for use in a number of 

biomedical applications, it has yet to be used to examine surfactant biology 

and homeostasis. In this study, CARS was used to examine the uptake of 

Curosurf, a natural derived surfactant replacement therapy, by the RAW264.7 

macrophage cell line and to evaluate the effect of surfactant proteins on lipid 

uptake. CARS was also used to examine the uptake of polystyrene particles of 

different sizes and surface modifications in this macrophage cell line.  
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 Methods 7.2.

 Particles 7.2.1.

Unlabelled polystyrene particles (100nm and 500nm) with amine 

functionalised and unmodified surfaces were purchased from Polysciences 

(Park Scientific, UK). Unlabelled 200nm A-PS, and U-PS particles (Kisker 

Biotech) were kindly donated by Maurits de Planque. Particles were 

suspended at a dilution of 1 in 1000 in milliQ water or colourless serum free 

RPMI with TBS and calcium and analysed using by DLS (Malvern Zetasizer 

Nano).  

 RAW264.7 cell preparation for CARS 7.2.2.

RAW264.7 cells were routinely sub-cultured in RPMI containing 10% 

HI FBS and penicillin and streptomycin as described in Chapter 3. Glass cover 

slips were sterilised with 70% isopropanol and allowed to dry placed in 6 well 

plates. RAW264.7 cells were then seeded onto the plates at a density of 1x106 

cells per well in 3 mL of growth medium and incubated for 24 hours.  

 Lipid uptake 7.2.2.1

RAW264.7 cells were seeded on glass coverslips as described in section 

7.2.2. Curosurf (Chiesi) was suspended in SF RPMI at either 20 or 50 µL / mL 

concentrations as indicated in the text. Suspensions were vortexed vigorously 

for 30 seconds to ensure adequate dispersion of lipids within the cell media. 

Aliquots (1mL) of this suspension were added to the RAW264.7 cells and they 

were then incubated at 37°C 5% CO2 in a humidified atmosphere for up to 24 

hours as indicated in the text. The cells were then washed twice, fixed in 1% 

formaldehyde in PBS for 1 hour, stored in PBS then sent to Sumeet Mahajan 

for CARS analysis.  
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 Particle uptake 7.2.2.2

RAW264.7 cells were seeded on glass coverslips as described in section 

7.2.2. Particles were suspended in TBS and calcium and diluted in SF RPMI 

and vortexed vigorously at a final concentration of 130 µg/mL. The particle 

suspensions were then incubated with the RAW264.7 cells at 37°C 5% CO2 in 

a humidified atmosphere for the indicated time period. The cells were then 

washed twice in PBS, fixed and sent to Sumeet Mahajan as described in 

section 7.2.2.1.   

 CARS laser scanning system  7.2.3.

Samples were imaged using CARS and analysed using the MATLAB 

software by Sumeet Mahajan. The CARS setup was as follows; a Chameleon 

Ultra titanium-sapphire (Ti:Sa) pulsed femtosecond laser (Coherent) was split 

into two beams; The pump beam at 835nm, 100 fs pulse and 80MHz repetition 

rate. The stokes beam was generated by optical parametric generation 

through an optical parametric oscillator (OPO) (Semi-automatic, APE GmbH, 

Berlin) which generates photons between 1080nm and 1600nm. The samples 

were scanned using a home built galvanometer scanner coupled to Nikon Ti-

U inverted microscope. Unlabelled lipids and nanoparticles were imaged in 

RAW264.7 cells at a C-H stretching frequency of 2850 cm-1 with the OPO 

adjusted to 1096nm. 

 Results 7.3.

 Analysis of CARS images 7.3.1.

In order to quantify lipid and particle uptake CARS images were 

converted to binary images in MATLAB and the number of pixels counted 

which exceeded the appropriate threshold (see Figure 7.2). This area was then 



 Chapter 7: CARS 

257  

compared to the cell area in each field of vision using a second lower 

threshold.    

         

Figure 7.2: Quantification of particle and lipid uptake in RAW264.7 cells. 
Conversation of A. CARS image to B. binary image for subsequent quantitative analysis using 

MATLAB software. Positive CARS signal appears white in binary image.  

 Lipid uptake 7.3.2.

The uptake of Curosurf, a natural porcine surfactant therapy used to 

treat neonatal RDS, was utilised in this study to examine surfactant lipid 

uptake by the macrophage-like RAW264.7 cells. Preliminary experiments 

were conducted to determine the appropriate concentration of Curosurf and 

incubation period to produce a sub-maximal level of lipid uptake.  
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The cells in the later time point show the lipid dense bodies increased in 

both size and number compared to the 3 hour time point indicating that the 

lipid was accumulating within the cells. At 24 hours, the level of lipid uptake 

by the RAW264.7 cells was slightly increased at the lower concentration of 

Curosurf (see Figure 7.3C) which may indicate that a maximal level of uptake 

had been reached for the later time point and highest concentration. In order 

to further elucidate the time dependency of the lipid uptake within these cells 

a further study was conducted examining the uptake of 20 µL/mL of Curosurf 

at incremental time points up to 6 hours. These results, presented in Figure 

7.4, show that at time points up to and including 1 hour RAW264.7 cells 

showed little lipid uptake. At later time points, an increasing number of lipid 

containing bodies were observed which increased both in number and size 

over time with a large increase in the total area of lipid within the cells 

between 2 and 6 hours. Based on the results from these experiments, Curosurf 

at a concentration of 20 µL/mL for 3 hours was chosen to detect the effect of 

Surfactant Proteins on lipid uptake in RAW264.7 cells. 

A preliminary experiment investigating the role of SP-A on the uptake 

of Curosurf in RAW264.7 macrophage-like cells was conducted by incubating 

the cells with 20 µL/mL Curosurf with or without 10 µg/mL nhSP-A for 3 

hours. The results, shown in Figure 7.5, show that SP-A resulted in an 

approximately 3.5 fold increase in lipid uptake in RAW264.7 cells.  
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Figure 7.3: Curosurf uptake in RAW264.7 macrophage-like cells. A. CARS 

images of RAW264.7 macrophage like cells following 3 or 24 hours incubation with different 

concentrations of Curosurf. B. Quantification of Curosurf uptake from CARS images 

following  3 hours and C. 24 hours incubation with RAW264.7 cells. Data is expressed as a 

ratio of the area of detected lipid within the cell over the total cell area (ALD/Acell) and 

represents mean ±Stdev from at least 3 images from 1 experiment.  
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Figure 7.4: Time dependent uptake of Curosurf in RAW264.7 cells. Incubation 

of RAW264.7 cells with 20µL/mL at incremental time points up to 6 hours. Data is expressed 

as a ratio of the area of detected lipid within the cell over the total cell area (ALD/Acell) and 

represents mean ±Stdev from at least 3 images from 1 experiment. Scale bars represent 10µm. 
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Figure 7.5: Effect of SP-A on the uptake of Curosurf in RAW264.7 cells. A. 

CARS images of the effect of SP-A on the uptake of Curosurf in RAW264.7 cells following 3 

hours incubation. Data is expressed as a ratio of the area of detected lipid within the cell over 

the total cell area (ALD/Acell) and represents mean ±Stdev from at least 3 images from 1 

experiment. Scale bars represent 10µm. 
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Figure 7.6: Effect of nhSP-A (10µg/mL) and nhSP-D (1µg/mL) on Curosurf 

(CSF) uptake in RAW264.7 cells following 3 hours incubation. Data is 

expressed as a ratio of the area of detected lipid within the cell over the total cell area 

(ALD/Acell) and represents mean ±Stdev from at least 3 images from 1 experiment. Scale bars 

represent 10µm. 
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Further experiments were then conducted to determine the effect of 

SP-A in combination with SP-D on lipid uptake by these macrophages. SP-A 

and SP-D were incubated with Curosurf at a ratio of 10:1 (w/w) to reflect the 

higher abundance of SP-A in the lung (see Figure 7.6) [423]. In this 

experiment, SP-A resulted in a slight increase in Curosurf uptake however, 

the degree of this enhancement was much less than in the previous 

experiment. SP-D also resulted in a small increase in the total area of lipid 

dense bodies within the cells. The co-incubation of SP-A and SP-D at this 10:1 

ratio resulted in enhanced lipid uptake over each protein alone.  

In order to determine the relative importance of SP-A and SP-D on 

lipid uptake these proteins were also co-incubated at the reciprocal 1:10 (w/w) 

concentration ratio. The results, presented in Figure 7.7, show that 1 µg/mL of 

SP-A or 10 µg/mL SP-D resulted in more than 5 and 3 fold respective 

increases in the size and number of lipid dense droplets within the RAW264.7 

cells over the Curosurf control. When incubated in combination at these 

concentrations, the level of uptake was similar to that of SP-D alone. In order 

to determine the significance of these findings further experiments will have 

to be conducted. Importantly, it should also be noted the high degree of 

variance in the level of lipid uptake in the absence of protein between these 

experiments.       
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Figure 7.7: Effect of nhSP-A (1µg/mL) and nhSP-D (10µg/mL) on Curosurf 

uptake in RAW264.7 cells. Data is expressed as a ratio of the area of detected lipid 

within the cell over the total cell area (ALD/Acell) and represents mean ±Stdev from at least 3 

images from 1 experiment. Scale bars represent 10µm. 
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Figure 7.8: Effect of SP-A and rfhSP-D on the uptake of Curosurf (CSF) in 

RAW264.7 cells. A. Incubation of RAW264.7 cells with 10 µg/mL rfhSP-D and/or 1µg/mL 

nhSP-A with 20µ/mL Curosurf for 3 hours B. Incubation of RAW264.7 cells with 1 µg/mL 

rfhSP-D and/or 1µg/mL nhSP-A with 20µ/mL Curosurf for 3 hours. Data is expressed as a 

ratio of the area of detected lipid within the cell over the total cell area (ALD/Acell) and 

represents mean ±Stdev from at least 3 images from 1 experiment. 

 

The effect of rfhSP-D with and without SP-A was also investigated at 

10:1 and 1:1 concentration ratios. The results, presented in Figure 7.8, show 

that in these experiments 1 µg/mL SP-A either had no effect on Curosurf 

uptake or resulted in a small reduction in lipid uptake. This is in contrast with 

the previous experiments, where SP-A tended to result in enhanced lipid 

uptake. The incubation with 1 µg/mL rfhSP-D resulted in small increase in 

Curosurf uptake; however, at 10 µg/mL a small reduction in uptake was 

observed. Interestingly, when SP-A was added to either of these rfhSP-D 

treatments, lipid uptake returned to the level in the Curosurf control samples.    

 Particle characterisation 7.3.3.

Particle sizes were measured by dynamic light scatter analysis in 

milliQ water and serum free RPMI media. The results, presented in Table 7.1, 

show that 100nm U-PS, 200nm A-PS, 200nm U-PS and 500nm A-PS particles 
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had similar size distributions in both mQ water and SF RPMI with TBS and 

calcium. The size distribution of 500nm U-PS was slightly increased in SF 

RPMI compared to mQ water. However, 100nm A-PS particles were highly 

aggregated in SF RPMI with an average size distribution 10 times greater in 

the cell media.  

Particle  

Nominal 

size 

(nm) 

Size 

mQH2O 

Size 

RPMI 

A-PS  100 134.4 1343.0 

U-PS  100 95.8 95.3 

A-PS  200 268.5 270.0 

U-PS  200 216.4 213.0 

A-PS  500 464.6 447.9 

U-PS  500 545.9 865.0 

Table 7.1: DLS size measurements of unlabelled polystyrene particles in 

mQH2O and SF RPMI with TBS and calcium 

 Particle uptake 7.3.4.

CARS microscopy was also used to study the association of 

polystyrene particle of different sizes with RAW264.7 cells. The kinetics of 

this association was examined using 200nm A-PS and U-PS particles over a 2 

hour period. The results, shown in Figure 7.9 and Figure 7.10, show that a 

greater number of 200nm A-PS particles associated with RAW264.7 cells 

compared to 200nm U-PS particles after at least 1 hour incubation. A-PS 

association with RAW264.7 cells was dependent on the duration of exposure 

and continued up to and including the latest (i.e. 2 hour) time point. On the 
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other hand, the level of U-PS association was similar at each time point over 

the studied 2 hour time period.  

The effect of nhSP-A on the association of 200nm A-PS was also 

examined following 1 hour incubation with RAW264.7 cells. This time point 

was chosen as it reflected a sub-maximal level of A-PS association and also 

the time point used in the flow cytometry experiments in Chapter 4. The 

incubation of 200nm A-PS with SP-A resulted in 3.4 fold reduction in cellular 

association of these particles (see Figure 7.11).   

The effect of SP-A on 100nm and 500nm A-PS and U-PS association 

was also examined following 1 hour incubation with RAW264.7 cells. The 

results, presented in Figure 7.12 and Figure 7.13, show that SP-A had little 

effect on the total PS area detected following incubation with 100nm or 500nm 

A-PS. Individual 100nm particles could not be detected using CARS and 

therefore, only aggregates could be visualised and quantified. Moreover, 

some of these aggregates appear to be on the outer leaflet of the cell 

membrane (see Figure 7.12A). A greater number of 100nm A-PS particles 

appeared to associate with RAW264.7 cells than their 100nm U-PS 

counterparts. However, there was little difference in particle association 

between 500nm A-PS and U-PS particles.  
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Figure 7.9: Particle association of 200nm A-PS (left panel) and  U-PS (right panel) 

after A. 15, B. 30, C. 60 and D. 120 minute incubation with RAW264.7 cells.  

 Amine Unmodified 

A. 

 

 

15m 

  

B. 

 

 

30m 

  

C. 

 

60m 

  

D. 

 

120m 

  



 Chapter 7: CARS 

269  

 

Figure 7.10: Quantification of 200nm A-PS and U-PS association with RAW264.7 

cells following incubation for up to 2 hours. Data is expressed as a ratio of the area of 

polystyrene over the total cell area (APS/Acell) and represents mean ±Stdev from at least 3 

images from 1 experiment. 

  

Individual 500nm particles could clearly be visualised inside the cells 

(see Figure 7.13A). The incubation of SP-A with both 100nm and 500nm U-PS 

resulted in approximately 6.1 fold increases in the amount of particles 

associating with the cells. The micrographs of the U-PS association with 

RAW264.7 cells, show that U-PS of both sizes are aggregated by SP-A. Some 

of these aggregates, especially of the larger 500nm particle appeared to be on 

the outer leaflet of the membrane.  
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Figure 7.11: Effect of SP-A on the uptake of 200nm A-PS particles in 

RAW264.7 cells. Data is expressed as a ratio of the area of polystyrene over the total cell 

area (APS/Acell) and represents mean ±Stdev from at least 3 images from 1 experiment. 
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Figure 7.12: Effect of SP-A on the uptake of 100nm A-PS and U-PS in 

RAW264.7 cells A. CARS images of RAW264.7 cells following 1 hour incubation with 

100nm A-PS or U-PS with or without SP-A (10 µg/mL). B. Quantification of CARS images. A. 

Data is expressed as a ratio of the area of polystyrene over the total cell area (APS/Acell) and 

represents mean ±Stdev from at least 3 images from 1 experiment. 
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Figure 7.13: Effect of SP-A on 500nm A-PS and U-PS uptake in RAW264.7 

cells. A. CARS images of RAW264.7 cells following 1 hour incubation with 500nm A-PS or 

U-PS with or without SP-A (10 µg/mL). B. Quantification of CARS images. Data is expressed 

as a ratio of the area of polystyrene over the total cell area (APS/Acell) and represents mean 

±Stdev from at least 3 images from 1 experiment. 
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 Discussion  7.4.

Surfactant levels within the alveolus are regulated by the internalisation 

of surfactant by ATII cells and alveolar macrophages for recycling and 

degradation respectively. The internalisation of surfactant lipids by alveolar 

macrophages therefore, plays an important role in surfactant homeostasis 

[424]. Curosurf is a natural surfactant therapy derived from the surfactant of 

pigs and is used to treat neonatal RDS [425]. As a natural surfactant therapy, 

Curosurf contains surfactant phospholipids and lipids as well as the small 

hydrophobic lipid associated proteins SP-B and SP-C [284-286]. CARS has 

been used to monitor lipid involvement in a number of diseases such as 

multiple sclerosis and cancer [414-417] however, it has yet to be applied to the 

field of surfactant biology. It was therefore, decided to determine whether 

CARS could be utilised to monitor surfactant derived lipid accumulation 

within macrophages. An in vitro assay was developed to assess the 

internalisation of Curosurf by the macrophage-like RAW264.7 cell line. The 

results show that CARS can detect the accumulation of surfactant lipids 

within cells in both a time and concentration dependent manner. This 

indicates that CARS can be used to quantify lipid uptake within these cells. It 

was therefore, hypothesised that CARS could be used to detect changes in 

lipid uptake following incubation with SP-A and/or SP-D. A concentration of 

Curosurf and incubation exposure time point was chosen which yielded a 

sub-maximal level of lipid uptake. Sub-maximal lipid uptake was required in 

order to determine any possible modulation in lipid uptake by these 

surfactant proteins. It has previously been shown that SP-A enhances the 

uptake of surfactant lipids by macrophages in a time and concentration 

dependent manner [426]. In the current study, the first preliminary 

experiment with 10µg/mL SP-A resulted in a 3.5 fold increase in the uptake of 
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Curosurf into the macrophage like cells. However, in a subsequent 

experiment a much smaller increase was evident.  

SP-A is the most abundant protein in pulmonary surfactant, in BALF the 

relative proportions of SP-A to SP-D in healthy individuals free of infection 

has been reported to be between 20:1 to 5:1 [152, 423, 427]. It was therefore 

decided to examine the effect the co-incubation of SP-A and SP-D at a ratio of 

10:1 to represent the enhanced proportion of SP-A found in the lung. The 

results suggest that when in physiologically relevant proportions (i.e. 10:1 

w/w) SP-A and SP-D can act in concert to enhance the uptake of surfactant 

lipids into these macrophage-like cells. Interestingly, at the reciprocal (i.e. 1:10 

w/w) concentrations of SP-A and SP-D there was not an additive effect of SP-

A and SP-D on lipid uptake. This indicates the need for SP-A in the uptake of 

lipids by macrophages. However, due to the high degree of variation in the 

effect of SP-A on lipid uptake between experiments further experiments will 

have to be conducted in order to ascertain the statistical and clinical 

significance of these findings.  

CARS is also being investigated by members of this research group into 

the potential in vivo surfactant associated applications. The isolation of 

alveolar macrophages from wild type and SP-D-/- mice showed enhanced lipid 

accumulation in the AM of SP-D-/- mice [428] which is consistent with 

previous reports [132, 429-431]. This shows that CARS could potentially be 

used to monitor the progression and onset of the emphysema–like phenotype 

which develops in SP-D deficient mice. CARS could also be used to monitor 

any changes in lipid accumulation in SP-D deficient mice following 

therapeutic intervention.  

In these experiments, CARS could resolve individual 200nm and 500nm in 

association with RAW264.7 macrophage-like cells. However, individual 
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100nm particles were not detectable. In the CARS experiments, SP-A had little 

effect on the apparent association of 100nm A-PS particles with RAW264.7 

cells. This is in contrast with the flow cytometry data which showed that SP-A 

resulted in a dose dependent reduction in A-PS uptake in these cells. A 

number of factors could account for these differences, firstly the resolution of 

the CARS setup means that only aggregated 100nm particles could be 

detected. Secondly the 100nm A-PS particles self aggregated in the SF RPMI 

even at room temperature which means that the particles may have been 

aggregated before the addition of SP-A. In the flow cytometry experiments, 

the 100nm fluorescent A-PS particles remained relatively monodispersed in 

TBS with calcium or SF RPMI at room temperature and only aggregated at 

physiological temperatures (i.e. after the addition of SP-A). Furthermore, the 

flow cytometry experiments exposed RAW264.7 cells in suspension to the 

particle-protein dispersions whereas the CARS experiments exposed them 

following adherence to glass cover slips. In the flow cytometry experiments, 

trypan blue was to quench the fluorescence from extracellular particles and 

therefore measured the cellular uptake. However, in the CARS experiments, 

the ratio of polystyrene over cell area is a measure of total particle association 

with the cells rather than particle uptake as particles on the outer leaflet of the 

cell are also included in the analysis. The CARS setup can be modified to 

obtain simultaneous three dimensional confocal images, allowing the sub 

cellular localisation of the particles to be determined [413]. This could be 

investigated further in future experiments.   

In the CARS experiments a much higher concentration of particles was 

used (130 µg/mL) compared to the flow cytometry experiments (6.65 µg/mL). 

Flow cytometry showed that concentrations of ≥0.156μg/mL of SP-A resulted 

in significant reductions of 6.65 µg/mL A-PS in RAW264.7 cells giving a 

minimum effective concentration of SP-A per µg of A-PS as 0.023 µg/ µg. The 
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CARS experiments used 10 µg/mL of SP-A with 130 µg/mL A-PS which 

means that theoretically there was sufficient SP-A to reproduce the effect.  

Interestingly, the incubation of SP-A with 200nm A-PS particles resulted 

in a reduction in the association of these particles with RAW264.7 cells. This is 

in agreement with the flow cytometry data for the 100nm A-PS particles. On 

the other hand SP-A had little effect on the association of 500nm A-PS 

particles with RAW264.7 cells. Interestingly, there was also little difference in 

the association of 500nm A-PS and U-PS whereas A-PS particles of 100nm and 

200nm in size associated with RAW264.7 cells to a greater extent than the 

equivalent U-PS particles. This may be due to enhanced phagocytic uptake of 

500nm U-PS particles by RAW264.7 cells compared to the smaller particles. 

As particle size increases beyond 300nm the contribution of phagocytosis 

relative to other mechanisms of uptake increases [378, 432]. These 

experiments will have to be repeated in order to determine their potential 

statistical and biological significance.  

All particles used in the CARS experiments were unlabelled. This was 

done to ensure that the particles were detected by CARS and not from 

fluorophore interference as Ramen scattering is weaker than fluorescence 

[433]. The identification of particles within biological tissues using CARS has 

been previously described. Gold particles have been visualised inside the 

hippocampus following intraperitoneal instillation of 17nm particles. The 

detection of these particles was likely due to accumulation of gold particles in 

the hippocampus tissue [422]. Titanium dioxide aggregates have also been 

localised within the gills of fish using CARS microscopy [420, 434] CARS has 

also been used to monitor the endocytosis of 200nm PS by an epithelial cell 

line by single particle tracking analysis [421]. These studies demonstrate the 

potential for CARS to detect particles within biological structures both in vitro 

and in vivo. The non-destructive nature of CARS over conventional methods 
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to visualise unlabelled particle bio-distribution such as TEM provides a 

number of opportunities. However, these studies, in accordance with the 

current study have been unable to detect or distinguish single nanoparticles 

from particle aggregates/clusters.  

The detection of unlabelled particles ≥200nm by CARS could enable the 

in situ cellular uptake of particles and monitoring the routes of endocytic 

uptake. The effect of surfactant proteins on these pathways could also be 

directly visualised. It would also be interesting to utilise CARS to determine 

the bio-distribution of inhaled or intranasally instilled particles in 

extrapulmonary tissues in wild type, SP-A and SP-D deficient mice. 
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: Summary and Future Work Chapter 8

The overarching hypothesis of this study was that nanoparticles can 

sequester surfactant proteins A and D in the alveolus, that this sequestration 

will lead to altered particle clearance by immune cells and, as a consequence, 

this will lead to a deficiency in these surfactant proteins and enhanced 

susceptibility to infection.   

Firstly, it was demonstrated that the model U-PS and A-PS particles can 

associate with SP-A and SP-D. These interactions were dependent on the 

particle surface charge and were independent of the lectin binding domain of 

the proteins. The interaction of U-PS with SP-A resulted in the formation of a 

hard corona whereas a soft SP-A corona formed around the A-PS particles. 

The interaction with A-PS or U-PS with SP-A altered the colloidal stability of 

these particles at physiological temperatures. This was evidenced by the 

stabilisation of the self-agglomeration of the A-PS particles and enhanced 

aggregation of the U-PS particles. Interestingly, although the interaction of 

SP-A with U-PS particles was calcium independent, calcium greatly enhanced 

the SP-A mediated aggregation of these particles. In order to investigate the 

absorption and alterations of colloidal stability further a number of 

techniques could be employed. Differential sedimentation centrifugation and 

field flow fractionisation could be used to further elicit the size distributions 

of these polydispersed samples. The effect of protein absorption on the 

structure of the protein could also be investigated using circular dichroism 

and the enthalpy characteristics could be determined by isothermal titration 

calorimetry. Electron microscopy would support further visualisation of the 

nanoparticle/protein complexes.   

Secondly, the association of SP-A to the A-PS and U-PS particles resulted 

in altered particle clearance by macrophages. SP-A enhanced the uptake of U-
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PS particles by the RAW264.7 macrophage like cells; however, SP-A resulted 

in a dose dependent reduction in A-PS uptake by RAW264.7 cells, and by the 

alveolar macrophages from wild type and SP-A deficient mice. Interestingly, 

A-PS particle uptake was enhanced in the alveolar macrophages of SP-A 

deficient mice. A-PS particle uptake was reduced in the alveolar macrophages 

of SP-D deficient compared to wild type mice. Furthermore, the addition of 

exogenous SP-D resulted in a partial restoration of A-PS uptake. In future in 

vitro studies it would be interesting to investigate the effect of surfactant 

proteins of different sizes on the uptake into macrophage and epithelial cell 

lines. Furthermore, the effect of surfactant lipids in these experiments should 

also be determined. In vivo studies could also be conducted to determine the 

bio- distribution of particles of different sizes and functionalisations in wild 

type, SP-A deficient, SP-D deficient and SP-A/SP-D double knockout mice.  

In order to determine whether nanoparticles could alter the ability of 

surfactant proteins to neutralise viral infections, in vitro infection models first 

had to be optimised. IAV was chosen as a model viral pathogen as both SP-A 

and SP-D have been reported to neutralise this virus. TT1, A549 and 

differentiated THP-1 cells were chosen as the cell lines for these experiments 

as they represent the predominant cell types found in the alveolar epithelium, 

namely ATI, ATII and alveolar macrophages. The viral dose was optimised to 

a sub-maximal infection rate; this viral concentration was used against a 

range of SP-A and SP-D concentrations to determine the concentration of each 

protein that resulted in a sub maximal reduction in infection. The protocol to 

differentiate the monocytic THP-1 cell line into macrophage like cells was also 

optimised.   

Finally, using these models it was demonstrated that nanoparticles can 

have a biphasic effect on surfactant protein mediated neutralisation. This was 

evident with a partial loss in surfactant protein mediated neutralisation of 
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IAV in epithelial cells at low particle concentrations but at higher 

concentrations an enhancement of  surfactant protein mediated IAV 

neutralisation in some treatment combinations was observed. However, these 

effects were dependent on the type of particle, particle concentration and cell 

type in question. U-PS particles resulted in approximately a 50% reduction in 

the neutralising capacity of SP-D in TT1 cells at a low concentration, whereas 

at higher concentrations the pre-incubation of SP-D with U-PS and IAV 

resulted in a dramatic increase in SP-D mediated IAV neutralisation. In A549 

cells, U-PS particles resulted in a reduction in the SP-A mediated 

neutralisation of IAV at low concentrations but an increase in function at 

higher concentrations. Interestingly, low concentrations of A-PS particles 

resulted in a reduction in SP-A mediated IAV neutralisation in TT1 cells. 

However, in A549 cells, low A-PS concentrations resulted in a reduction of 

SP-D mediated neutralisation of IAV. These experiments demonstrate the 

need for chronic in vitro and in vivo exposure systems to determine the effect 

of nanoparticles on surfactant protein mediated neutralisation of viral 

infections. In vivo experiments would be able to demonstrate whether 

recovery mechanisms, such as the production of excess SP-A and SP-D, could 

compensate for the loss of function observed in these experiments. The 

aggregation kinetics of the IAV, surfactant protein and NP complexes also 

need to be investigated further.  

An assay was also developed to attempt to determine the effect of 

nanoparticles on the surfactant protein mediated clearance of bacteria. 

However, this assay proved not to be reliable enough for this purpose as it 

showed that at low concentrations of the high molecular weight SP-D, an 

opsonic effect was observed whereas at higher concentrations a reduction in 

particle clearance was demonstrated. This was shown to be due to the 

formation of ‘super aggregates’ at high SP-D concentrations. An LPS 
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stimulation assay was also developed to determine the biological effect of the 

rfhSP-D protein on this bacterial product. The results showed that rfhSP-D 

tended to result in a reduction in the stimulation of macrophages by LPS, as 

evidenced by a reduction in the production of TNFα and this became more 

pronounced and significant following 24 hours incubation. This assay could 

be further developed to determine the effect of nanoparticles on the anti-

inflammatory properties of rfhSP-D.  

   One of the aims of this study was to develop CARS for the detection of 

unlabelled lipids and nanoparticles in vitro. Curosurf, a natural surfactant 

replacement therapy, was used in this study to examine lipid uptake by 

macrophages by CARS. This study showed that lipid was internalised in both 

a time dependent and saturable fashion. Using sub-maximal exposure 

conditions, initial experiments showed that the incubation of SP-A with 

Curosurf resulted in increases in lipid uptake. However, as subsequent 

experiments showed variable results these experiments need to be repeated. 

The detection of surfactant lipid accumulation in the alveolar macrophages by 

CARS could be used as a method to detect changes to the pathogenesis of the 

emphysema like phenotype of the SP-D deficient mouse following therapeutic 

intervention. The association of different sized polystyrene  particles by 

RAW264.7 cells was also studied by CARS. The results showed that although 

aggregates of the 100nm particles could be visualised individual particles 

were not within the resolution of the microscope. 200nm A-PS particles 

associated with the RAW264.7 cells in a time dependent fashion whereas only 

a small amount of 200nm U-PS were found to associate with the cells at the 

time points studied. These experiments need to repeated to confirm the 

results. Further optimisation of the CARS setup could allow for the three 

dimensional imaging of the process of particle internalisation in situ.    
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Nanoparticles were shown in this study to modulate the ability of 

surfactant proteins to neutralise IAV infection in vitro. This is the first time 

this has been reported and could represent an important mechanism through 

which enhanced exposure to airborne particulates results in the increased 

incidence and severity of respiratory infections. This opens up interesting 

lines of enquiry which could be explored through investigations in vivo on the 

effect of nanoparticles on the function of the innate immune defence 

molecules SP-A and SP-D.  
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