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Abstract 

 Epithelial dysfunction and subepithelial fibrosis in the airways are pathophysiological 

features that indirectly promote airflow obstruction in asthma. Respectively, these changes result 

in impaired epithelial barrier function and airway stiffening. I hypothesize that subepithelial 

matrix stiffening disrupts airway epithelial barrier function. 

 I engineered an experimental platform to replicate airway stiffening using lung epithelial 

cell lines. This platform allowed measurement of barrier function (permeability assay), in 

addition to traditional measurements of mRNA abundance (qPCR), protein abundance (Western 

blot) and protein localization (immunofluorescence microscopy). 

 Substrate stiffness did not impact barrier-related gene and protein markers but did 

regulate their subcellular locations. Moreover, I observed differential responses of barrier 

function in response to transforming growth factor β across different substrate stiffnesses. These 

proof-of-concept results demonstrate substrate stiffness may regulate epithelial barrier function 

in a disease-relevant manner, and that my platform can be used to explore how airway stiffening 

regulates airway epithelial function in asthma. 

 



	
	

	 1	

Chapter 1: Introduction 

Literature Review   

Asthma Epidemiology and Etiology 

 Asthma is an obstructive lung disease affecting over 300 million people worldwide (1). 

The World Health Organization estimates 15 million disability-adjusted-life years are lost due to 

asthma; worldwide, 250,000 deaths can be attributed to the disease annually (2). In Canada, 

asthma burdens more than 3 million individuals and results in approximately 146000 emergency 

room visits per year (3). The annual cost per asthma patient ranges from $336 to $647; the 

provincial net costs across Canada ranges from 46 million dollars in British Columbia to 141 

million dollars in Ontario (3). The exact cause of asthma is unknown, however current research 

has identified a number of risk factors, such as: genetics (4), allergen exposure (5), tobacco 

smoke (6) and obesity (7), that may contribute to the development of asthma. The Canadian 

Thoracic Society (8) defines three main criteria that are suggestive of asthma diagnosis: 1) 

symptoms, 2) airway obstruction, and 3) response to therapy. The main symptoms of asthma 

(cough, wheeze, dyspnea, chest tightness, and increased mucus production) all pertain to 

obstructed airflow (9).  

 Asthma is a multifactorial and heterogeneous disease to the extent it may actually be 

many diseases with unique pathophysiological mechanisms that cause airway obstruction and 

share a common set of symptoms. This is reflected by the multitude of asthmatic phenotypes and 

endotypes that exist (10,11). Phenotypes are defined as observable characteristics that do not 

present a clear link to the underlying disease mechanism. Asthma phenotypes include: 

eosinophilic, exacerbation-prone, exercise-induced, obesity-related, adult-onset, fixed airflow 

limitation and poorly steroid-responsive (11). Endotypes group patients by their response to 

therapeutics and treatment outcomes, and are classifications that imply distinct disease 
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mechanisms (12).  Asthma endotypes include, but are not limited to: allergic asthma, viral-

exacerbated asthma, premenstrual asthma, neutrophilic asthma and elite-athlete asthma (11). 

Endotypes are not exclusive to a particular phenotype, for example, eosinophilic asthma and 

exacerbation-prone asthma both have allergic asthma endotypes. Treating patients based on 

endotypes has been more successful then treating patients based on phenotypes or symptoms. For 

example, Mepolizumab (anti-Interleukin (IL)-5 antibody) helped eosinophilic asthma patients 

with the severe endotype but did not benefit mild-to-moderate asthmatic patients (13). Most 

asthmatic patients can be managed with glucocorticoids and β2-agonists (14), as well as 

immunotherapies (15) except for an estimated 5-10% of asthmatics who are refractory to such 

medications. Refractory asthma encompasses several classifications: severe asthma, steroid 

resistant asthma, difficult to control asthma, poorly controlled asthma and irreversible asthma 

(16). Patients with these endotypes account for approximately 50% of the economic cost of 

asthma (17), and the lack of therapeutic options for these patients demonstrates an incomplete 

understanding of the disease pathophysiology. 

 

Asthma Pathophysiology  

Airway Hyperresponsiveness 

 ‘Airway responsiveness’ refers to the ability of airways to narrow or become obstructed 

when exposed to a constrictor agonist (18). Airway hyper-responsiveness (AHR) refers to 

enhanced airway narrowing in response to the same constrictor agonist. This enhancement is a 

combination of ‘hyper-sensitivity’ (leftward shift in the dose response curve), ‘hyper-reactivity’ 

(increased slope of the dose response curve) and ‘hyper-efficacy’ (increased maximal response) 

(19). AHR is a defining characteristic of asthma (20), as it often correlates with the severity of 
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asthma and relates asthma symptoms to airflow obstruction (21,22).  

Constrictor agonists, or bronchoconstrictors, induce narrowing of the airway lumen and 

obstruct airways through airway smooth muscle (ASM) contraction and mucus layer thickening 

or plugging (23). Examples of bronchoconstrictors include: acetylcholine/methacholine, 

histamine and cysteinyl leukotrienes, which work through the M3 muscarinic, H1 histamine and 

CysLT1 receptors, respectivly (24,25). Other bronchoconstrictors include: mannitol, adenosine, 

and physical stimuli, such as: cold air, exercise, hypertonic aerosols and hypertonic aerosols 

(18,21). The latter bronchoconstrictors are known to trigger mast cell degranulation, thereby 

releasing more contractile agonists like histamine and cysteinyl leukotrienes into the airways 

(26). 

 AHR can be categorized into two types: persistent/baseline and variable. Persistent AHR 

is generally defined as airway obstruction that does not respond to bronchodilators. Persistent 

AHR is an effect of structural changes to the airways that narrow the lumen and is presumed to 

be irreversible (24). Collectively these changes are referred to as ‘airway remodeling’. Examples 

of remodeling include, but are not limited to: increases in ASM mass, extracellular matrix 

(ECM) deposition and epithelial alterations. In contrast, variable AHR is transient and episodic. 

Variable AHR requires airway narrowing and is triggered by inhaled environmental factors such 

as: allergens, pollutants and diesel exhaust (23). 

 Despite the above distinction, persistent and variable AHR are not completely 

independent (24); chronic inflammation may result in many of the structural changes observed in 

the airways of asthmatics. Inflammatory cytokines alter ASM, fibroblasts, and airway epithelium 

(27). Conversely, structural changes may also lead to inflammatory events, for example, 

disruptions to the airway epithelium promote inflammatory cell activation and migration (28).  
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Airway Inflammation 

 Airway inflammation is one of the two components of asthma pathophysiology that 

drives airway obstruction and the symptoms that follow (1). T-Lymphocytes play a key role in 

airway inflammatory events pertaining to asthma. Type 1 Helper Thymus Lymphocytes (TH1) 

are involved in phagocytic activity and are associated more with non-eosinophilic (neutrophilic) 

endotypes of asthma (29). Type 2 Helper Thymus Lymphocytes (TH2) are involved in eosinophil 

activation and increased serum IgE concentrations, the latter of which is characteristic of atopic 

asthma (30); asthma, along with eczema and allergic rhinitis constitute the ‘Atopic Triad’ (31). 

Airway inflammation involving TH2 lymphocytes and eosinophils may be initiated by airway 

epithelial cells (AECs) exposed to some type of environmental stimuli, such as: bacteria, 

pollutants and viruses. In response, epithelial derived: IL-25, IL-33 and thymic stromal 

lymphopoietin (32) are released, leading to downstream events that eventually cause TH2 

migration to epithelial and sub-epithelial locations and recruitment of eosinophils, basophils and 

mast cells (33). These cells release many cytokines and factors associated with asthma 

pathogenesis, such as: IL-4, IL-13, transforming growth factor β (TGF-β), tumor necrosis factor, 

histamine and cysteinyl-leukotrienes (1,25). AECs may also activate TH2 cells indirectly through 

dendritic cells, which mature in response to AEC derived CCL27 (chemokine) (1,34). Despite 

the research focus on atopic asthma (allergic asthma that is associated with increased levels of 

antibodies and the activity of: TH2 lymphocytes, mast cells and basophils), atopy accounts for 

only 50% (35,36) of asthma cases, suggesting mechanisms beyond inflammation significantly 

contribute to asthma pathogenesis. 
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Airway Remodeling 

 Airway remodeling refers to structural changes observed in the airways of asthmatics. 

Features of airway remodeling include: epithelial alterations (37), subepithelial fibrosis (38), 

ASM hypertrophy and/or hyperplasia (39), goblet cell/mucous gland hyperplasia (27), 

angiogenesis (40), and the infiltration of inflammatory cells (27). For example, increases in ASM 

mass (39) may produce forces large enough to overcome parenchymal tetherings and decrease 

airway lumen area resulting in obstruction. Goblet cell and mucous gland hyperplasia lead to 

increased mucus production, which can transiently reduce airway lumen area and eventually 

form mucous plugs that occlude airflow (41). Angiogenesis around the airways increases blood 

flow and edema, which impinges on airway caliber (40). Furthermore, this increased blood flow 

provides circulating leukocytes more opportunity to migrate into the lung mucosa and airway 

lumen where they may initiate inflammatory processes associated with airway narrowing. 

 Subepithelial fibrosis is a prominent feature of airway remodeling, the extent of which is 

highly correlated with asthma severity (38). Changes pertaining to subepithelial fibrosis include: 

increases in matrix thickness and alterations in the extracellular matrix (ECM) composition. 

Thickening is observed beneath the true basement membrane in the lamina reticularis (42,43). 

The lamina reticularis is typically between 4-7 µm in non-asthmatics and up to 23 µm in the 

remodeled airways of asthmatics. Changes immediately below the basement membrane include: 

increased collagen I, II, and V (44). Increases in fibronectin and tenascin are also observed (38). 

Increases in collagen I, II, V, fibronectin, versican, hyaluronan and decreased elastin are 

observed in submucosal locations (38) and the muscle layer shows increases in collagen I, 

fibronectin, versican and hyaluronan. 

  Different ECM protein combinations elicit different biological responses in multiple 
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airway cells including: ASM, AECs and fibroblasts, suggesting ECM alterations do not simply 

have geometric consequences in airway narrowing (45). Increasing evidence suggests ECM 

alterations including changes in matrix stiffness have profound cellular consequences that may 

contribute to airway obstruction. For example, ASM have altered intercellular Ca2+ dynamics on 

higher stiffnesses, which may enhance contractile properties and promote airway closure (46). 

Increased substrate stiffness has been shown to promote the differentiation of bronchial 

fibroblasts into matrix secreting myofibroblasts that promote fibrosis (47) and lung endothelium 

permeability is higher on stiff substrates (48). 

 Epithelial abnormalities are observed almost universally among asthmatic patients (49). 

Some of these changes include: epithelial shedding, loss of ciliated cells (50), expansion of non-

ciliated cells (51), and epithelial layer thickening (52). In computational models of allergic 

asthma, epithelial thickening alone is enough to cause AHR (37). Impaired epithelial injury 

repair is observed in asthmatic patients and may be a mechanism through which epithelial 

alterations manifest (53-55). Loss of epithelial barrier function has multiple implications relating 

to obstructed airflow and asthma pathophysiology. James Hogg first proposed the idea that 

increased AEC permeability drives AHR in the early-1980s. In Hogg’s mechanism, intact airway 

epithelium protects rapidly adapting stretch receptors on afferent nerves from environmental 

stimuli, such as: smoke, dust and aerosols, which would otherwise trigger bronchospasm (56,57). 

Since then AEC barrier integrity has been shown to prevent airway inflammation by protecting 

dendritic cells from allergen exposure (58). Furthermore, the presence of AECs alone has been 

demonstrated to attenuate ASM contractile force, in response to agonists such as histamine and 

acetylcholine (59,60), this effect is mediated by nitric oxide, bronchodilating prostaglandins and 

other epithelium-derived relaxing factors that promote increased airflow (61). Additionally, the 
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airway epithelium physically separates the underlying ASM from molecules and factors in the 

lumen that may induce contraction (62). Normal airway epithelial barrier function through 

multiple mechanisms promote healthy airflow, it is therefore likely that AEC barrier function 

impairment drives AHR. 

 There are many mechanisms by which airway remodeling could arise. Traditionally, 

inflammatory events were believed to be the root causes of remodeling. Eosinophils in particular 

have been identified as direct mediators of many of the structural changes that occur (63,64), for 

example, eosinophil deficient mice are protected from collagen deposition and ASM mass 

increases (65). However, a new perspective is that remodeling may be driven independent of 

inflammation by physical forces within the lung. Bronchospasms have been postulated to cause 

remodeling by inducing buckling of the mucosa, leading to compression of the airway 

epithelium. On the cellular level, TGF-� expression increases in rat tracheal epithelium in 

response to compressive pressure (66). On the patient level, repeated bronchoconstriction 

induced by methacholine has been demonstrated to induce airway remodeling independent of 

inflammation (67). These studies elegantly demonstrate the importance of physical forces related 

to airway remodeling. 

 

Airway Epithelial Cells 

Development 

 Epithelial components of the lung are derived from endodermal embryonic tissue (68). 

Various signaling molecules including: retinoic acid, fibroblast growth factor, epidermal growth 

factor (EGF), bone morphogenetic protein, β-Catenin/WNT, sonic hedgehog and TGF-β (69,70) 

guide the proper development of the epithelium. During normal development, undifferentiated 
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lung epithelial cells give rise to at least eight morphologically distinct epithelial cell types (71) 

that form a pseudostratified epithelium in which all cells contact the basement membrane. The 

most abundant cells from the trachea to the 5th generation are ciliated and secretory (goblet) cells. 

From the 6th generation to the 23rd generation, ciliated cells are in high abundance and Clara cells 

are the predominant secretory cells (69). Proportions of the airway epithelium drastically change 

as remodeling occurs, with decreases in ciliated cells and increases in goblet cells. 

 Interactions between the epithelium and mesenchyme are central in lung development 

and normal airway physiology (69,72). For example, during branching, fibroblasts selectively 

secrete matrix at the cleft of airway bifurcations to prevent epithelial proliferation (70). 

Disruptions to interactions like these and the signaling pathways involved are likely implicated 

in airway remodeling events (73), such as: subepithelial fibrosis and AEC metaplasia. 

 

Epithelial Structure and Function  

 The primary function of AECs is to physically separate the airway lumen from the 

subepithelial milieu, which must be protected from the outside environment. Two forces 

determine the integrity of this barrier: cell-cell interactions and cell-matrix interactions. 

 Cell-cell interactions occur at tight junctions, adherens junctions and desmosomes. Tight 

junctions are the apical most junctions in epithelial cells. Here, cell-cell interactions are mediated 

by the extracellular domains of claudins and occludins and junction adhesion molecules (74). 

The cytoplasmic domains of claudins, occludins and junction adhesion molecules bind with 

zonula occludens (ZO-1, ZO-2 and ZO-3) (75,76), which in turn bind to actin filaments (77), 

thereby anchoring tight junctions to the cytoskeleton. Other important tight junction proteins 

include: Par-3, Par-6 and atypical protein kinase C, all of which maintain apical-basolateral 
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polarization and normal epithelial morphology (78).  

 Located beneath tight junctions are adherens junctions, which are sites of cell-cell 

adhesion, structural support and force transmission. The important proteins in adherens junctions 

are: E-Cadherin, β-Catenin, α-Catenin, and vinculin (79). E-Cadherin is a membrane bound 

glycoprotein that is the main component of adherens junctions; E-Cadherin structurally bridges 

adjacent epithelial cells (80). Within the cell: β-Catenin, α-Catenin, and vinculin (79,81) bind to 

the cytoplasmic domain of E-Cadherin, as well as actin filaments, providing a direct interface 

between adherens junctions and the cytoskeleton. 

 Desmosomes are the most basolateral junctions. Cell-cell interactions at desmosomes are 

mediated by non-classical cadherins: desmogleins and desmocollins (82,83). Unlike adherens 

and tight junctions, which interface with the actin cytoskeleton, desmosomes are bound to the 

microtubule cytoskeleton (79). 

 Focal adhesions are protein complexes that are the sites of cell-matrix interactions 

(79,84). A key macromolecular component, integrins, are transmembrane proteins that bind to 

ECM proteins and are composed of α and β chain combinations. The α-chains impart ligand 

specificity and the β-chains are involved in signal transduction (69,85). AECs express nine 

different integrins, only two of which bind to normal airway basal lamina: α3β1 and α6β4 (86,87). 

The cytoplasmic domains of integrins are tethered to actin filaments by: talin, paxillin, zyxin and 

vinculin. Focal adhesion kinase (FAK) is bound to this complex, and when activated it can 

phosphorylate substrates such as p190, α-Actinin and N-WASP, which have downstream effects 

on the actin cytoskeleton (84). Like adherens and tight junctions, focal adhesions are bound to 

the actomyosin cytoskeleton; coupling between the external environment and the structural 

components of the cell comprise major mechanotransduction pathways (79,88-90). 



	 10	

 AECs from asthmatic patients are structurally and biologically different from AECs from 

non-asthmatic patients, changes in the matrix due to remodeling may account for this 

discrepancy. Fine observations using transmission electron microscopy reveals a lower number 

of epithelial junctions in the airways of asthmatic patients compared with the airways of non-

asthmatic patients (69,91). Furthermore, many studies have reported lower abundances of key 

proteins that impart epithelial barrier integrity in the airways of asthmatic patients compared with 

the airways of non-asthmatic patients, these proteins include: integrin β4 (92), ZO-1, α-Catenin 

and E-Cadherin (93-95). Functional defects in asthmatic AECs have also been measured, AECs 

from asthmatic patients are more permeable and exhibit less Trans-epithelial Electrical 

Resistance (TEER) than AECs from non-asthmatic patients (96). It is interesting to note that this 

impaired barrier function phenotype is maintained in vitro, suggesting there are intrinsic defects 

in asthmatic epithelium. Barrier function impairment in asthmatic AECs has been well 

documented (97,98), but other, less comprehensive studies have not shown a difference in barrier 

function between epithelium from asthmatics and non-asthmatics (94,99-101), this discrepancy 

maybe due to sample sizes and groupings of patients based on asthma severity. 

 Several mechanisms have been proposed to explain triggers of junction protein disruption 

and barrier dysfunction in asthma, and intriguingly many of these mechanisms provide the basis 

for disease models of asthma. For example, house dust mite (HDM), which is commonly used to 

replicate allergen exposure in vitro (98,102-104) and allergic asthma in vivo (105) contains many 

hydrolytic enzymes such as: serine proteases, cysteine proteases, exochitinase and endochitinase 

(102). In particular, endopeptidase 1 (Der p 1) has been shown to cleave tight junction proteins 

ZO-1, occludins and claudins. (106-108). Similarly, pollen also induces proteolytic degradation 

of ZO-1, claudin-1 and occludin (91,109) and this results in diminished barrier function (110). 
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Other examples of asthma-associated triggers, which are also epithelial barrier disrupters 

include: rhinovirus (111), polyinosinic:polycytidylic acid (112), alternaria alternate (113), 

ovalbumin, cigarette smoke (114) and various cytokines (115,116). Of the asthma-associated 

cytokines, TGF-β is of interest for its possible role in inducing Epithelial-Mesenchymal 

Transition (EMT) in AECs, leading to epithelial barrier disruption and airway ECM changes in 

asthma (117). 

 

Epithelial-Mesenchymal Transition 

 EMT is a collection of cellular and molecular processes through which epithelial cells 

lose phenotypic characteristics such as: apical-basolateral polarization, normal cell-cell and cell-

matrix contacts, and barrier function. Subsequently, they take on characteristics of mesenchymal 

cells, these characteristics include: migratory capacity, increased ECM secretion, and resistance 

to apoptosis (118). EMT is involved in many biological processes such as: development, wound 

healing, oncogenesis and fibrosis (117,119). Many of the changes observed in the remodelled 

airways of asthmatics overlap with the changes seen in EMT (103,117,120). For example, 

increased levels of collagen I, III, V and fibronectin are observed in the thickened basement 

membranes of asthmatic airways and are also acquired markers of EMT (121). E-Cadherin and 

ZO-1 are attenuated markers of EMT and their loss is heavily implicated in alterations that 

define remodelled asthmatic airway epithelium. 

 TGF-β induction has been used to study EMT in different diseases and is a model 

relevant to asthma pathogenesis because TGF-β levels in asthmatic lungs are elevated compared 

with non-asthmatic lungs (122). EMT is a plausible mechanism by which epithelial changes in 

remodeled asthmatic airways may manifest. When AECs from asthmatic and non-asthmatic 
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patients are dosed with TGF-β, asthmatic AECs exhibit a greater increase in the expression of 

mesenchymal markers, such as: vimentin, fibronectin and α-smooth muscle actin compared with 

non-asthmatic AECs (120). Asthmatic AECs may therefore be more susceptible to EMT than 

non-asthmatic AECs. TGF-β induced EMT has also been investigated in A549, Calu-3 and NCI-

H441 lung epithelial cell lines (123). In this study, TGF-β increased epithelial permeability and 

decreased TEER, confirming TGF-β is a barrier function antagonist in lung epithelial cells. 

There are a large number of signaling pathways that regulate EMT and a high degree of cross 

talk exists between them (124). Due to the structural and mechanical changes observed in 

asthmatic airways, the signaling pathways that regulate EMT and epithelial barrier function may 

be altered through mechanobiology pathways. 

 

Mechanobiology 

Elastic Modulus of the Airways 

 There are diverse mechanical environments in the lungs, ranging from stiff cartilaginous 

trachea to compliant terminal bronchi. Tissue stiffness is commonly measured using atomic force 

microscopy (125) and has been successfully employed in measuring bulk stiffnesses of lungs 

from patients with idiopathic pulmonary fibrosis (IPF) (126) and lungs that have been bleomycin 

treated (127). The precise value of airway stiffness is a difficult number to ascertain because of 

airway heterogeneity, and it is also technically difficult to exclusively measure airway stiffness 

without including the parenchyma. Additionally, airways stiffness is futher obfuscated by ASM 

tone, which is a major contributer to the overall wall stiffness (128). 

 Currently there are no reports directly comparing asthmatic airway stiffness with non-

asthmatic airway stiffness (129). However, based on the decreased lung compliances observed in 
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asthmatics, as well as existing biophysical knowledge of the ECM and similarities between the 

microscopic and macroscopic properties of asthmatic airways and other fibrotic conditions, it can 

be inferred that asthmatic airways are significantly stiffer than airways of non-asthmatics. The 

main components of the ECM that contribute to the mechanical properties of the airways are 

elastin fibres, collagen fibres and glycosaminoglycans (GAGs). GAGs contribute to the 

compressive stiffness of the ECM. Elastin fibres provide the ECM with extensibility and 

resilience, while collagen fibres increase the stiffness (amount of force required for deformation) 

of the ECM (130,131). Furthermore, factors such as density, orientation and crosslinking also 

impact the structural contribution of collagen (130). Subepithelial deposition of collagen, 

alterations to the ECM and thickening of the basement membrane are key features of airway 

remodelling observed in asthmatic patients. Critically, the extent of subepithelial fibrosis is 

highly correlated with asthma severity (38). 

 Substrate stiffness has been shown to have a tremendous influence on cellular behaviour. 

Significant evidence indicates that many lung cells, particularly lung fibroblasts, are highly 

sensitive to substrate stiffness (132). Substrate stiffness has also been shown to direct the lineage 

of mesenchymal stem cells (133) and can act as a switch between apoptosis and EMT in 

response to TGF-β in kidney epithelial cells (134). On stiff substrates cells exhibit more 

spreading and larger focal adhesions, corresponding with greater actin stress fibre formation, 

higher traction forces and stronger myosin-dependent contractility (130,135). Studies using de-

cellularized lung tissues obtained from IPF patients suggest that stiff cellular microenvironments 

act as key drivers of myofibroblast differentiation, further promoting lung fibrosis (126). It has 

also been established that many aspects of ASM contractile phenotype are enhanced on stiffer 

substrates (136,137). Outside of the lungs, substrate stiffness has been shown to diminish E-
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Cadherin and β-Catenin co-localization in mammary and hepatic epithelial cells (138). Increased 

substrate stiffness has also been shown to induce EMT-like changes in endometrial epithelial 

cells (139). Furthermore, stiffness induced EMT and/or mesenchymal behaviour may be 

associated with oncogenesis observed in pancreatic (140) and mammary epithelial cells (141). 

Literature exists regarding substrate stiffness regulation of alveolar epithelial cells (129,142), 

however little is known about the influence substrate stiffness has on AECs. 

 

Mechanotransduction 

 Macroscopic forces, such as: sheer stress, stretch, osmotic pressure and hydrostatic 

pressure, initiate signaling cascades at focal adhesions and adherens junctions by unfolding 

protein domains at those complexes, thus revealing or masking binding sites. (89,130). For 

example, stretching filamin (cytoskeletal protein) enhances its ability to bind integrins, but 

decreases its affinity for the protein FilGAP, which is a small GTPase inhibitor (143). In the 

‘Focal Adhesion Clutch’ model (Figure 1.01) (130), tension on the cytoskeleton and its elements 

are modulated by integrin-matrix interactions. It is assumed that at baseline there is a steady 

pulling and pushing of actin filaments through myosin cross-bridging and actin polymerization. 

On stiff substrates, integrins are immobile because the rigid substrate does not move, thereby 

loading a high degree of tension onto the cytoskeleton. Compliant substrates permit more 

integrin movement via substrate deformation, which buffers the amount of tension loaded onto 

the cytoskeleton. Stiffness sensing involves many other pathways and feedback mechanisms like 

GTPases, which are critical for cytoskeleton regulation and tension loading. For example, 

integrin-associated FAK phosphorylates p190, a RhoA guanidine nucleotide exchange factor 

(84). RhoA regulates actin filaments through its downstream effector Rho-associated protein 
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kinase (ROCK). Predominantly, ROCK activates myosin light chain kinase (MLCK) and 

deactivates myosin light chain phosphatase (MLCP), causing myosin-dependent tension in actin 

filaments. ROCK also activates the LIM kinase/cofilin pathway which mediates actin assembly 

(144). FAK also phosphorylates α-Actinin, causing reduced actin crosslinking (84). Not 

surprisingly, the small GTPases: RhoA, Rac1 and Cdc42 are intimately involved in epithelial 

barrier function (145). It is plausible that epithelial barrier disruptions in asthma are driven by 

excess tension loaded onto the cytoskeleton and its junctional elements by stiffened extracellular 

matrices in remodeled airways (146). 

 
 
Figure 1.01: ‘Focal Adhesion Clutch’ model on soft and stiff matrices. Myosin (blue) pulls 
back actin filaments (red-line), while actin monomers (red-dashes) polymerize at the leading 
edge of the cell (black: cell membrane) pushing it forward. Integrins (purple) couple the 
cytoskeleton to the matrix (green). On a soft matrix integrins are able to move, which buffers the 
tension loaded on the cytoskeleton (short cytoskeleton tension arrow); integrins stay in place on a 
stiff matrix, resulting in greater tension being loaded onto the cytoskeleton (large cytoskeleton 
tension arrow). 
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 The field of mechanobiology has been enabled and driven by the development of new 

technologies and experimental models, these models have allowed cells to be challenged with 

finely tuned mechanical perturbations (79,147). Seminal work involved the creation of 

polyacrylamide hydrogels, which are substrates with tunable stiffnesses, bonded to glass 

coverslips and coated with ECM proteins (90). In this model, substrate stiffness is the 

independent variable, and is modulated by altering the percentage and crosslinking extent of the 

applied polyacrylamide. This model has been used to show cells are capable of sensing, probing 

and responding to substrate stiffness. Critically, polyacrylamide substrates have also been used to 

demonstrate that endothelial cell barrier function can be disrupted by increasing substrate 

stiffness (148). In this work the authors used confocal microscopy to show fluorescent tracers 

permeate through endothelial monolayers on stiff substrates to a greater extent than endothelial 

monolayers on soft substrates. Thus, polyacrylamide substrates are a suitable model to study 

asthmatic airway remodeling because they can be used to replicate stiffening of the airway walls 

and explore the impact this has on AEC phenotype. However, there are a number of limitations 

to consider in culturing AECs on polyacrylamide substrates. Typically, primary AECs are 

cultured at an air-liquid interface (ALI) on permeable Transwell supports (149). Unlike 

Transwells, polyacrylamide substrates are submerged cultures, and therefore do not allow the air 

exposure required to achieve epithelial polarization and mucociliary function. Indeed, barrier 

function can be assessed on polyacrylamide substrates using confocal microscopy, however, 

Transwells are much better suited for real-time live-cell epithelial barrier function assessments 

like: TEER and tracer permeability assays. Investigating the effect substrate stiffness has on 

AEC phenotype, specifically epithelial barrier function, will be best accomplished using a 

combination of polyacrylamide substrates and Transwells.  
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Hypothesis and Specific Aims 

 Asthma is an obstructive lung disease that burdens 300 million individuals worldwide, 

including 3 million Canadians (3). The prevalence of asthma has been steadily increasing in 

intermediate-GDP countries and skyrocketing in low-GDP countries (1). Across Canada on a 

province-wide basis between 46 million and 141 million Canadian dollars are spent annually on 

healthcare related to asthma (3). Fifty percent of that amount is spent on the 5-10% of asthmatic 

patients who are refractory to existing treatments (17). This demonstrates a clear need and value 

for new asthma therapies, which may be better achieved through a deeper understanding of 

asthma pathophysiology. Current knowledge suggests multiple pathophysiological mechanisms 

lead to airway narrowing, hence the numerous phenotypes and endotypes classifying the disease 

(11). Despite the large number of classifications, airway inflammation and remodeling are the 

main drivers of airway obstruction and breathing difficulties in asthma. 

 Airway remodeling refers to structural changes in the airways, these changes include: 

epithelial alterations, subepithelial fibrosis and increased smooth muscle mass. ASM is 

ultimately responsible for airway narrowing, and many aspects of AHR can be explained by 

increased contractile sensitivity, maximal force generation and shortening velocity (150). 

Interestingly, there are no differences in these contractile parameters between ASM from 

asthmatics and non-asthmatics (151,152), suggesting asthmatic airway narrowing may be 

controlled by factors extrinsic to ASM. 

 Airway epithelium has a central role in regulating ASM, its presence alone attenuates 

contractile properties (59), and impairment of airway epithelial barrier function enhances smooth 

muscle contraction, leading to AHR (62). Epithelial alterations and irregularities are hallmarks of 

airway remodeling (27,117). Furthermore, functional defects in airway epithelium from 
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asthmatic patients are retained in vitro (96). This lends credibility to the theory that AEC barrier 

impairment is a mechanism upstream of airway obstruction in asthma. These barrier impairments 

may occur through mechanotransduction pathways. 

 Mechanical cues, such as: ECM stiffness, can have tremendous influence on cellular 

behaviour (79). This is relevant in asthma because subepithelial fibrosis, which is a feature of 

remodeling, (27), includes marked molecular changes in the airway wall ECM, most notably 

deposition of collagen I, II and V (44). Collagen modulates the stiffness of the ECM (130), thus 

airway wall stiffness is ostensibly greater in remodeled airways than in unaltered airways. 

Increased airway wall stiffness may therefore indirectly promote ASM contraction and drive 

AHR by disrupting the barrier phenotype of AECs. 

 Stiffness induced barrier impairment has been previously demonstrated in endothelial 

cells using liquid covered cell cultures (148) (Figure 1A). This model is not optimal for primary 

AECs, which are typically cultured at an ALI on permeable Transwell supports (Figure 1B). 

Transwells are the “Gold Standard” (149) for AEC culturing. The dual chamber arrangement 

permits apical air exposure and basolateral liquid exposure, and this achieves epithelial 

polarization, development of barrier function and overall maintenance of an in vivo-like airway 

epithelial phenotype. Integrating the stiffness modulating properties of polyacrylamide with 

Transwells (Figure 1C) will create a platform on which ALI culturing of AECs and explicit 

measurements of barrier function (TEER and tracer permeability assays) are possible on tunable 

substrates. 
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Figure 1.02: Schematics of cell cultures for AECs: (A) Liquid covered polyacrylamide 
substrate. Cells grow on polyacrylamide (gray slab) of different elastic moduli fixed to glass 
cover slips (white slab). (B) Transwell. AECs grow on permeable membranes (dotted-line). 
Apical/top chamber is void of media. Concentration gradients (ΔC) and potential differences (V) 
for explicit measurements of epithelial barrier function can be established. (C) Transwell-
Substrate. A prospective model for studying primary AEC mechanobiology. Polyacrylamide 
layers (gray slab) are chemically grafted to Transwell membranes. 
 

The goal of my research project is to understand the link between substrate stiffness and AEC 

barrier function and develop an experimental model to help investigate this link, which may be a 

novel pathway contributing to airway obstruction in asthma. In this regard, experiments were 

designed to test the hypothesis that stiff matrices disrupt barrier phenotype in AECs. 

 

To test this hypothesis, I completed 3 objectives:  

 

Objective 1: Expose lung epithelial cell lines to a range of substrate stiffnesses using liquid 

covered polyacrylamide substrates and measure markers of barrier phenotype. 

  

Objective 2: Develop Transwell-Substrates by grafting polyacrylamide to the polyethylene 

terephthalate (PET) membranes of Transwells. 

 

Objective 3: Explicitly measure AEC barrier function using Transwell-Substrates developed in 

Objective 2. 
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Chapter 2: Materials and Methods 

Cell Culture 
A549 

 A549 human alveolar adenocarcinoma cells (CCL-185, American Type Culture 

Collection, Manassas, VA, USA) were cultured in 75 cm2 flasks with ‘feeder’ media consisting 

of Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F12) (11330-057, 

Gibco, Waltham, MA, USA), 10% fetal bovine serum (FBS) (12483-020, Gibco, Waltham, MA, 

USA) and 1% penicillin-streptomycin (15140-122, Gibco, Waltham, MA, USA). Cells were 

maintained at 37 °C, 85% humidity and 5% CO2. Once cells reached near confluence they were 

washed with phosphate buffered saline (PBS) (70011-044, Gibco, Waltham, MA, USA) and 

treated for 10-20 minutes with TrypLE cell disassociation reagent (12604-039, Gibco, Waltham, 

MA, USA) at 37 °C. Cells were then extracted with feeder or PBS, centrifuged (150 RCF, 5 min, 

18°C) and resuspended with an appropriate volume of feeder media, depending on pellet size. A 

hemocytometer (267154, ThermoFisher Scientific, Waltham, MA, USA) was used to count the 

cells before experiment seeding or sub-culturing. 

 

BEAS-2B 

 BEAS-2B adenovirus 12-SV40 virus hybrid transformed normal human bronchial 

epithelial cells (CRL-9609, American Type Culture Collection, Manassas, VA, USA) were 

maintained in serum-free LHC-9 media (12680-013, Gibco, Waltham, MA, USA) with the same 

incubator conditions as described for A549 cells. These cells were grown in 75 cm2 flasks coated 

for at least 6 hours at 37°C with 4 mL of epithelial coating solution (ECS) consisting of 10 

µg/mL human fibronectin (354008, Corning, Corning, NY, USA), 30 µg/mL rat-tail collagen I 

(354236, Corning, Corning, NY, USA) and 10 µg/mL bovine serum albumin (BSA) (A9418, 
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Sigma-Aldrich, St. Louis, MO, USA) dissolved in LHC basal media (12677-027, Gibco, 

Waltham, MA, USA). At 80-85% confluence cells were prepared for experiment seeding or sub-

culturing as similarly described for A549 cells, except BEAS-2B cells were extracted from flasks 

using 2 mL of soybean trypsin inhibitor (T6414, Sigma-Aldrich, St. Louis, MO, USA). 

 

Glass Substrates 

Glass polyacrylamide substrates were manufactured according to the protocol developed 

by Pelham and Wang (90), with modifications. Eighteen-millimeter circular glass coverslips 

(48382-042, VWR, Radnor, PA, USA) were washed three times in methanol (CABDH1135, 

VWR, Radnor, PA, USA) before surface activation with oxygen plasma (1 min, 50 W, <240 

mTorr) in a Plasma Prep III plasma etcher (11050-AB, SPI Supplies, West Chester, PA, USA) 

(Figure 2.01). 

 

 

Figure 2.01: Oxygen plasma etching of glass coverslips. (Top) Diagram of glass 
coverslips illustrating the atomic structure of silica. (Bottom) A more simplified schematic 
highlighting the formation of reactive oxygen moieties required for subsequent steps. 
 

  

Activated coverslips were then treated with 80 µL of 0.1 M sodium hydroxide (71463, 

Sigma-Aldrich, St. Louis, MO, USA) (Figure 2.02) for 10 minutes, after which sodium 

hydroxide was aspirated and coverslips were left to air dry. 



	 22	

 

 

Figure 2.02: Sodium hydroxide treatment of oxygen plasma etched glass coverslips. 
(Top) Glass coverslips with atomic detail. (Bottom) Simplified schematic. In this step 
application of sodium hydroxide to etched glass results in surface anionic oxide groups. 

 

Once dried, coverslips were covered with 75 µL of (3-Aminopropyl)trimethoxysilane 

(APTMS) (281778, Sigma-Aldrich, St. Louis, MO, USA) for 5 minutes (Figure 2.03). APTMS 

was then removed by rinsing coverslips with double deionised water (ddH2O) three times over 

10 minutes in glass petri dishes and transferred to a 12-well plate for a final 10-minute wash. 

 

Figure 2.03: Silanisation of glass coverslips with APTMS. (Top) Glass coverslips with 
atomic detail. (Bottom) Simplified schematic. Anionic surface oxide groups react with 
APTMS resulting in surface amine groups. 
 

Next, 500 µL of 0.5% glutaraldehyde in PBS was applied to the surface aminated 

coverslips inside each well for 30 minutes at room temperature (Figure 2.04). Subsequently, 

coverslips were washed three times with ddH2O, then dried and placed in plastic petri dishes. 
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Figure 2.04: Surface aldehyde group installation using glutaraldehyde. (Dotted-
arrow) More atomically detailed structure showing the imine linkage that forms when 
aldehyde and amines react. (Solid-arrow) Illustrates surface aldehyde moiety 
presentation, which promotes polyacrylamide adherence. 

 

Polyacrylamide resins made of 40% acrylamide (161-0140, Bio-Rad, Hercules, CA, 

USA), 2% bis-acrylamide (161-0142, Bio-Rad, Hercules, CA, USA) and ddH2O were made 

according to the formulations in Table 2.01 (153), in separate beakers 

 

Table 2.01: Polyacrylamide recipes for various substrate stiffnesses. Gels with low 
stiffnesses (~300 Pa) share the consistency of Jell-O and gels with higher stiffnesses (~19200 Pa) 
are comparable to cooked meat. 
 
Elastic Modulus 

(Pa) 150 300 600 1200 2400 4800 9600 19200 38400 76800 

Acrylamide (µL) 375 375 375 375 937.5 937.5 937.5 937.5 1500 1500 

Bis-Acrylamide 
(µL) 100 121 145.5 268.5 84 133.5 292 591 294 604.5 

ddH2O (µL) 4017.5 3996.5 3972 3849 3471 3421.5 3263 2964 2698.5 2388 

 

To initiate polymerization, 500 µL of 1% ammonium persulfate (1610700, Bio-Rad, 

Hercules, CA, USA) and 7.5 µL of 2% tetramethylethylenediamine (1610801, Bio-Rad, 
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Hercules, CA, USA) were added to each mixture. After 5 seconds of mixing, 20 µL of solution 

was added to the aldehyde-presenting coverslips. Immediately, top-coverslips treated with Rain-

X water repellent (BCRX11212CN, Permatex, Halton Hills, ON, Canada) were used to sandwich 

the polyacrylamide and cast the substrates (Figure 2.05). Substrates were polymerized for at 

least 30 minutes, after which time, coverslips were separated and placed into fresh 12-well 

plates. The substrates were then washed three times with pH 8.5 50 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) (H3375, Sigma-Aldrich, St. Louis, MO, USA) buffer 

over 10 minutes to remove un-polymerized polyacrylamide components and residual Rain-X. 

 

 

 
Figure 2.05: Diagram of a substrate being cast. During this process the polyacrylamide 
polymerizes and becomes chemically bonded to the bottom coverslip. The top-coverslip 
is hydrophobic and does not chemically interact with the polyacrylamide, thus it is easily 
removed after polymerization.  

 

The substrates were then covered with 330 µL of 0.5 mg/mL of sulfosuccinimidyl 6-(4'-

azido-2'-nitrophenylamino)hexanoate (sulfo-SANPAH) (C1111, ProteoChem Inc, Hurricane, 

UT, USA) dissolved in HEPES buffer. Sulfo-SANPAH was then reacted with polyacrylamide 

(Figure 2.06) by photo-activation in a UV light cross-linker (XL-1000, Spectronics, Westbury, 

NY, USA) installed with 365 nm UV tubes (BLE-8T365, Spectronics, Westbury, NY, USA) for 

6 minutes. This photo-activation was repeated using fresh sulfo-SANPAH for each substrate. 

The substrates were then washed with HEPES buffer until no detectable red hue from unreacted 
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sulfo-SANPAH was present. 

 

Figure 2.06: Sulfo-SANPAH is a heterobifunctional cross-linker. One of the 
functional groups is a photo-activatable nitrophenyl azide, which reacts with 
polyacrylamide at 365 nm.  The other group is a sulfo-N-hydroxysuccinimide ester. The 
esters are shown projecting from the polyacrylamide. 

 

Under sterile conditions, substrates were coated with ECM proteins (Figure 2.07) at 4°C. 

For A549 cells, 1 mL of 30 µg/mL rat tail collagen I dissolved in sterile PBS was added to each 

substrate. For BEAS-2B cells, 1 mL of ECS was added to each substrate. 

 

 

Figure 2.07:  ECM proteins are cross-linked to polyacrylamide. Sulfo-NHS esters are 
susceptible to nucleophiles, such as, protein amine groups. Coating the surface of the 
substrates with ECM proteins is required for cell adherence because polyacrylamide is 
biologically inert. 

 

After 24 hours of ECM protein coating, substrates were thoroughly washed with sterile 

PBS, transferred to fresh 12-well plates and UV sterilized for at least 20 minutes. The substrates 
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were then seeded with A549 cells at 25x103 cells/cm2 or BEAS-2B cells at 10x103 cells/cm2. 

Each substrate was maintained in a total of 700 µL of media under incubator conditions 

previously described. Media was changed 1 day after seeding and every 2 days following. 

 

TGF-β Treatment 

 A549 cells were serum-deprived with low-serum media (DMEM/F12, 0.5% FBS, 1% 

insulin/transferrin/selenium (41400045, Gibco, Waltham, MA, USA) and 1% penicillin- 

streptomycin) for 24 to 48 hours prior to TGF-β treatment.  

 Lyophilized TGF-β1 (TGFB1-005, StemRD, San Francisco, CA, USA) was reconstituted 

with dilution buffer composed of 0.1% BSA in 5 mM HCl (3750-32, Ricca Chemical, Arlington, 

TX, USA) to make 1 mg/mL TGF-β aliquots that were then diluted, in low-serum media for 

A549 cells or LHC-9 media for BEAS-2B cells, for final cell culture concentrations. Cells were 

then dosed with 2-10 ng/mL of TGF-β or dilution buffer (control). 

 

mRNA Abundance Assessment 

The workflow for mRNA abundance assessment was adapted from West et al. (136). 

RNA was collected from cells grown on substrates or culture plates with Ambion RNA 

extraction kits according to the manufacturer’s instructions (12183025, ThermoFisher Scientific, 

Waltham, MA, USA). RNA samples were eluted with 40 µL of provided RNAse-free water, 

before RNA concentration and purity were determined by standard A260:A280 spectrophotometry 

(ND-2000, ThermoFisher Scientific, Waltham, MA, USA). RNA samples were considered 

sufficiently pure if A260:A280 was >1.8. 

 Reverse transcription reactions were then performed on isolated RNA to make cDNA, 



	
	

	 27	

using iScript Reverse Transcription Supermix for RT-qPCR (1708841, Bio-Rad, Hercules, CA, 

USA). Reactions were prepared by diluting 1 µg of template RNA to a total volume of 16 µL in 

ultra-pure water (10977023, Gibco, Waltham, MA, USA) and adding 4 µL of 5x iScript 

supermix. The reactions were carried out in a Techne Touchgene Gradient thermocycler 

(Techhe, Stone, Staffordshire, UK) under the parameters outlined in the iScript protocol. Once 

complete, the new cDNA samples were diluted with 80 µL of Tris-EDTA (TE) buffer (AM9849, 

ThermoFisher Scientific, Waltham, MA, USA) to a final volume of 100 µL and concentration 

equivalent to 10 ng/µL RNA. 

 A CFX96 Touch Real-Time PCR Detection System (1855195, Bio-Rad, Hercules, CA, 

USA) was used to perform quantitative polymerase chain reactions (qPCR). Reactions for each 

sample of cDNA were performed in duplicates in 96-well qPCR plates (HSP9655, Bio-Rad, 

Hercules, CA, USA). Each reaction consisted of 10 µL of 2x SYBR Green supermix (1725274, 

Bio-Rad, Hercules, CA, USA), 300 nM of forward and reverse primers (Table 2.02), 2 µL 

cDNA template (equivalent to 20 ng of RNA) and ultra-pure water to a final volume of 20 µL. 

 qPCR reactions involved an initial incubation at 95°C for 30 seconds for DNA 

polymerase activation, followed by 40 cycles of: primer annealing, product extension (58°C, 30 

seconds), fluorescence reading, and melting (95°C, 10 seconds). Product specificity was ensured 

by confirming DNA melting curves had consistent single melt temperatures. The crossing 

threshold (Ct) values were determined from the fluorescence-cycle curves using the CFX 

manager software (1845000, Bio-Rad, Hercules, CA, USA). Ct values were then used to 

calculate relative mRNA abundance (Equation 2.01) (154). 
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Table 2.02: Primers sequences for qPCR. Primers were ordered from Sigma-Aldrich (St. 
Louis, MO, USA). Once received, primers were suspended in TE buffer to a stock concentration 
of 50 µM. All primers span exon-exon junctions to prevent amplification of genomic DNA. 
 

Gene Forward Primer Sequence Reverse Primer Sequence 
 

Accession No. (Amplicon Location) 
 

GAPDH 5’-CTGACTTCAACAGCGACACC-3’ 5’-CGTTGTCATACCAGGAAATGAG-3’ NM_002046.5 (1039-1137) 

YHWAZ 5’-TCCCCAGAGAAAGCCTGCTC-3’ 5’-ATCCGATGTCCACAATGTCAAG-3’ NM_003406.3 (688-831) 

UBC 5’-TGGCACAGCTAGTTCCGTC-3’ 5’-CACGAAGATCTGCATTGTCAAGTG-3’ NM_021009.6 (382-473) 

CDH1 5’-CAACGACCCAACCCAAGAATC-3’ 5’-CAGTCACACACGCTGACCTC-3’ NM_004360.3 (2050-2187) 

VIM 5’-ATCCAAGTTTGCTGACCTCTC-3’ 5’-TCAGTGGACTCCTGCTTTGC-3’ NM_003380.3 (1289-1366) 

COL1A1 5’-CACCCCACGCTCAGATACAG-3’ 5’-ATCACATCCACACGGTAGCC-3’ NM_000088.3 (215-347) 

FN1 5’-CCAAGACGAAGACATCCCACC-3’ 5’-GTCATCGCACAACACCTTGC-3’ NM_001306129.1 (2968-3093) 

 

 

!"#$%&'" !"#$ !"#$%&$'( = 2∆!!
2∆!! ! 2∆!! ! 2∆!! !

!  

Equation 2.01: Relative mRNA abundance calculated from Ct values. Reaction 
efficiencies were within the range of 95-105%, thus 100% efficiency is assumed with 
each cycle. The fold change (2ΔCt) for a particular gene is normalized to the geometric 
mean of the fold changes of GAPDH, YHWAZ and UBC, which are denoted by the 
subscripts: ‘G’, ‘Y’ and ‘U’. 
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Protein Assessment 

Table 2.03: Summary of antibodies used in immunofluorescence microscopy and 
western blot experiments. 
 
Target (1°) or Signal (2°) Species/α-Species IF Dilution WB 

Dilution Product ID Company 

E-Cadherin (1°) Mouse/α-Human 1:200 1:200 ab1416 Abcam, Cambridge, 
Cambs, UK 

β-Catenin (1°) Rabbit/α-Human 1:100 1:100 D10A8 Cell Signaling, 
Danvers, MA, USA 

Vimentin (1°) Goat/α-Human N/A 1:250 sc-7557 Santa Cruz, Dallas, TX, 
USA 

Alexa Fluro 488 (2°) Donkey/α-Mouse 1:100 1:500 A21202 ThermoFisher Sci., 
Waltham, MA, USA 

Alexa Fluro 488 (2°) Donkey/α-Rabbit 1:100 1:500 A21206 ThermoFisher Sci., 
Waltham, MA, USA 

Alexa Fluro 647 (2°) Donkey/α-Mouse 1:100 1:500 A31571 ThermoFisher Sci., 
Waltham, MA, USA 

Alexa Fluro 647 (2°) Donkey/α-Goat 1:100 1:500 A21447 ThermoFisher Sci., 
Waltham, MA, USA 

Peroxidase-Conj. (2°) Donkey/α-Rabbit N/A 1:3000 711035152 Jackson, West Grove, 
PA, USA 

Peroxidase-Conj. (2°) Donkey/α-Mouse N/A 1:5000 715035150 Jackson, West Grove, 
PA, USA 

F-Actin (Alexa Fluro 488 
– Phalloidin) N/A 5 µL/well N/A A12379 ThermoFisher Sci., 

Waltham, MA, USA 
 

Immunofluorescence Microscopy 

 The protocol for immunofluorescence microscopy was adapted from West et al. (155).  

Cells grown on glass substrates were washed with sterile PBS and then fixed with 4% 

paraformaldehyde (P6148, Sigma-Aldrich, St. Louis, MO, USA) for 10 minutes.  

Paraformaldehyde was then replaced with permeabilizing solution consisting of 0.1% Triton X-

100 (X-100, Sigma-Aldrich, St. Louis, MO, USA) in 4% paraformaldehyde for 5 minutes. 

Substrates were then washed three times with PBS for 10 minutes. Cells were then blocked with 

antibody dilution/blocking buffer (ADB) for 30 minutes at room temperature. ADB consisted of 

10% (v/v) of 1% Triton X-100, 5% donkey serum (D9663, Sigma-Aldrich, St. Louis, MO, USA) 

in PBS. Blocking buffer was then replaced with ADB containing primary antibodies (Table 

2.03) for 1 hour at room temperature, after which substrates were washed three times with PBS. 
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Fluorescent secondary antibodies (Table 2.03) dissolved in ADB were then applied to substrates 

for 1 hour at room temperature. Substrates were then washed with PBS for 10 minutes. Next, 

nuclei were counterstained with 0.5 µg/mL Hoechst 33342 (H1399, ThermoFisher Scientific, 

Waltham, MA, USA) in PBS for 10 minutes at room temperature and washed with PBS for 10 

minutes. Coverslips were treated with a drop of antifade (S36963, ThermoFisher Scientific, 

Waltham, MA, USA) and mounted onto microscope slides (25x75x1 mm) (12-550-A3, Fisher 

Scientific, Waltham, MA, USA) before being sealed with quick dry top-coat (960, Revlon, New 

York, NY, USA). 

 Images of stained and mounted cells were taken with an IX70 Fluorescence Microscope 

(Olympus, Tokyo, Japan), connected to a mercury short arc lamp (4050300382128, Osram, 

Munich, BY, Germany) and a Retiga-SRV CCD camera (QImaging, Surrey, BC, Canada). 

Images were captured using NIS-Elements AR 3.0 microscope imaging software (Nikon, 

Shinagawa, Tokyo). Alexa Fluor 488 conjugates, Alexa Fluor 647 conjugates and Hoechst 33342 

were excited and observed with a fluorescein isothiocyanate (FITC) filter cube, a Cy5 filter cube 

and a (4',6-diamidino-2-phenylindole) (DAPI) filter cube, respectively. 

 
 
Western Blot 

 Western blot protocol and analysis was adapted from Bio-Rad’s V3 work-flow (156,157). 

Cells on ice were rinsed once with ice-cold PBS and then lysed with radioimmunoprecipitation 

assay buffer (sc-24948A, Santa Cruz, Dallas, TX, USA) supplemented with 1 tablet/10 mL 

PhosSTOP (4906837001, Sigma-Aldrich, St. Louis, MO, USA). Lysates were maintained on ice 

for 30 minutes and vortexed before being centrifuged (10000 RCF, 10 min, 4°C). Supernatants 

were collected, and total protein was determined using a micro bicinchoninic acid assay (BCA) 
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kit (23235, ThermoFisher Scientific, Waltham, MA, USA) for controlled protein loading. 

Lysates were then mixed with loading buffer, 1:1 (v/v), at consistent total protein masses across 

all samples. Loading buffer consisted of 95% (v/v) laemlli buffer (1610737, Bio-Rad, Hercules, 

CA, USA) and 5% (v/v) β-mercaptoethanol (1610710, Bio-Rad, Hercules, CA, USA). Samples 

were heated at 90°C for 15 minutes and loaded into 12% TGX Stain-Free acrylamide gels 

(1610185, Bio-Rad, Hercules, CA, USA) within a Bio-Rad electrophoresis cell (1658004, Bio-

Rad, Hercules, CA, USA) filled with ‘running buffer’ (1610734, Bio-Rad, Hercules, CA, USA) 

consisting of 25 mM Tris, 192 mM glycine and 0.1% (w/v) sodium dodecyl sulfate at pH 8.3. 

Gels were run at 200 V with a Bio-Rad power supply (1645050, Bio-Rad, Hercules, CA, USA) 

until the dye front approached the edge of the gel. 

 Gels were transferred to proprietary Trans-Blot Turbo ‘transfer buffer’ (10026938, Bio-

Rad, Hercules, CA, USA) and UV activated for 1 minute in a Bio-Rad ChemDoc MP (1708082, 

Bio-Rad, Hercules, CA, USA) for total protein normalization. Proteins were then transferred 

onto polyvinylidene fluoride membranes (IPFL00010, Merck Millipore, Billerica, MA, USA), 

previously activated with anhydrous ethyl alcohol (P006EAAN, Commercial Alcohols, 

Brampton, ON, Canada) for 5 minutes and equilibrated in transfer buffer. Blotting was 

performed using a Bio-Rad Trans-Blot Turbo Transfer System (1704155, Bio-Rad, Hercules, 

CA, USA) at 2.5 A and 25 V for 7 minutes. 

 After transfer, blots were rinsed with Tris buffered saline supplemented with Tween 

(TBS-T). TBS-T consisted of 20 mM Tris [Tris-HCl (153-500, Fisher Scientific, Waltham, MA, 

USA) and Tris-Base (152-1, Fisher Scientific, Waltham, MA, USA)], 150 mM NaCl (746398, 

Sigma-Aldrich, St. Louis, MO, USA) and 0.1% (v/v) Tween 20 (CA97062-332, VWR, Radnor, 

PA, USA) at pH 7.6. Blots were then blocked with 3% (w/v) fish gelatin (G7401, Sigma-Aldrich, 
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St. Louis, MO, USA) in TBS-T for 1 hour at room temperature and then rinsed three times with 

TBS-T. Next, blots were treated with primary antibodies diluted (Table 2.03) in 5 mL of TBS-T 

containing 1% (w/v) fish gelatin and incubated at 4°C overnight. Blots were then washed three 

times with TBS-T for 5 minutes and incubated with secondary antibody diluted (Table 2.03) in 5 

mL of TBS-T for 1 hour at room temperature. Blots were then rinsed three times with TBS-T for 

5 minutes.  

 Enhanced chemiluminescence substrate (1705060, Bio-Rad, Hercules, CA, USA) was 

applied to blots probed with peroxidase conjugated secondary antibodies for visualization, while 

blots probed with fluorescent secondary antibodies were maintained in TBS-T during 

visualization. Blots were visualized using a ChemiDoc MP, capable of capturing fluorescence 

and chemiluminescence. Stain free total lane protein was also visualized using a ChemiDoc MP. 

Image Lab 5.2.1 software (Bio-Rad, Hercules, CA, USA) was used to perform densitometry. 

Protein abundance is reported as the intensity of the protein of interest normalized to the total 

protein content of the lane. 

 

Live/Dead Cell Counting  

 Feeder media was removed and replaced with low-serum media containing 1 µg/mL 

propidium iodide (P1304MP, ThermoFisher Scientific, Waltham, MA, USA) and 1 µg/mL 

Hoechst 33342. Cells were maintained at 37 °C for 30 minutes and washed three times with ice-

cold PBS. Images were captured as described in the immunofluorescence microscopy method 

section. Propidium iodide was excited and observed using an mCherry filter cube. Total 

(Hoechst 33342 stained) and dead (propidium iodide stained) cells were counted using Image J 

1.48v software (National Institutes of Health, Bethesda, MD, USA). 
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MTT Assay 

 Cells were equilibrated in 750 µL of low serum media at 37 °C for 15 minutes, after 

which time, 75 µL (5 mg/mL stock) of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

(MTT) (M6494, ThermoFisher Scientific, Waltham, MA, USA) was added. Cells were then 

incubated for 4 hours at 37 °C and washed three times with ice-cold PBS. MTT products (purple 

formazan crystals) were solubilized with 400 µL of ‘solubilization buffer’, consisting of 0.04 M 

HCl in isopropanol (CABDH1133, VWR, Radnor, PA, USA).  Solubilized MTT products were 

transferred to 96-well plates (167008, ThermoFisher Scientific, Waltham, MA, USA) in 200 µL 

aliquots. Absorbance was read at 560 nm. 

 

Polyethylene Terephthalate Modification 

 PET film (893-576-19, Huntingdon, Cambridgeshire, UK) was cut into 19 mm diameter 

test slips using a hole-puncher (54-10054, EK Tools, New York, NY, USA). These test slips 

were chemically modified with several treatment strategies to promote polyacrylamide fixation. 

 

Primary Surface Modifications 

 PET modification began with strategies for surface activation. Three main primary 

surface treatments were attempted (Figure 2.08). For oxygen plasma treatment (Figure 2.08A) 

PET film was plasma etched at 100 W for 3 minutes with a Plasma Prep III. For surface amine 

installation (158) (Figure 2.08B), PET film slips were submerged in ethylenediamine (E26266, 

Sigma-Aldrich, St. Louis, MO, USA) for 45 minutes and subsequently washed with 

methanol/ethanol three times and thoroughly dried. 

 Polydopamine deposition (Figure 2.08C) was adapted from Li et al. (159). PET slips 
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were washed with ethanol and placed in beakers containing 100 mL polydopamine coating 

solution consisting of 2 mg/mL dopamine (H8502, Sigma-Aldrich, St. Louis, MO, USA) and 10 

mM Tris buffer at pH 8.5. Deposition was performed for 24 hours with constant magnetic 

stirring. Coated PET was then washed for 45 minutes in ddH2O via magnetic stirring and then 

thoroughly dried. 

 

 
Figure 2.08: Primary PET surface treatment strategies. (A) Oxygen plasma treatment 
results in reactive surface oxygen groups. (B) Ethylenediamine aminolysis results in surface 
amines. (C) Polydopamine deposition forms an electron deficient electrophilic surface (E+). 
 
 
(3-Aminopropyl)trimethoxysilane and Glutaraldehyde 
 
 PET slips treated with oxygen plasma were covered with 100 µL of APTMS for 15 

minutes and washed three times with ddH2O over 15 minutes. Slips were treated with 1% 

glutaraldehyde in PBS for 1 hour, rinsed with ddH2O and dried. 

 

3-(Trimethoxysilyl)propyl methacrylate 

 Oxygen plasma treated PET slips were covered with 100 µL of 3-(Trimethoxysilyl)propyl 

methacrylate (M6514, Sigma-Aldrich, St. Louis, MO, USA) for 15 minutes, then washed with 

isopropanol three times and dried. 
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Cysteamine and Glutaraldehyde  

 PET slips deposited with polydopamine were placed in 100 mL of 20 mg/mL cysteamine 

(M6500, Sigma-Aldrich, St. Louis, MO, USA) dissolved in 10 mM Tris buffer at pH 8.5 (159). 

The solution was magnetically stirred for 24 hours at 37 °C. Cysteamine coated slips were then 

rinsed three times with ddH2O over 10 minutes and treated with 1% glutaraldehyde in PBS for 1 

hour, and finally washed three times with ddH2O and dried. 

 

Glutaraldehyde 

  Ethylenediamine-treated PET slips were covered with 1% glutaraldehyde in PBS for 1 

hour. Slips were then washed three times with ddH2O and dried. 

 

Substrate Scrape Test 

 One-hundred microliters of polyacrylamide solution for generating substrates with 

stiffnesses between 300 Pa and 19200 Pa (Table 2.01) were applied to surface treated and 

untreated (control) PET film slips. The solutions were then ‘sandwiched’ with Rain-X coated 18 

mm glass coverslips and left to polymerize for 30 minutes. Coverslips were then separated. 

Grafting success was assayed by scraping substrates with a sharp edge. Results were 

photographed. 
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Surface Chemistry Analysis 

Fourier Transform Infrared Spectroscopy 

 Fourier Transform Infrared (FT-IR) spectra of Transwell membranes and PET film slips 

were collected with a ThermoNicolet Nexus 870 Infrared Spectrometer (ThermoFisher 

Scientific, Waltham, MA, USA). Spectra are not averages of replicated experiments, one 

spectrum corresponds to one collection of data. Spectra were analyzed using OMNIC software 

(ThermoFisher Scientific, Waltham, MA, USA). 

	

X-ray Photoelectron Spectroscopy 

 A Kratos Axis Ultra X-ray photoelectron spectrometer (Kratos Analytical Ltd, Stretford, 

Manchester, UK) was used to perform X-ray photoelectron spectroscopy (XPS) on Transwell 

membranes and PET film slips. Like FT-IR spectra, X-ray photoelectron spectra are not averages 

of replicated experiments. CASA software was used to analyze spectra. 
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Substrate Thickness 

 Twenty-four-millimeter Corning Transwell inserts (PET, 0.4 µm pore size) (29442-074, 

VWR, Radnor, PA, USA) were placed onto glass microscope slides (75x38x1 mm) (12-550B, 

Fisher Scientific, Waltham, MA, USA) coated with Rain-X. Polyacrylamide gels of different 

stiffnesses (Table 2.01) were applied to Transwell membranes in various volumes. The gels 

were cast by placing 22 mm glass coverslips (125461, Fisher Scientific, Waltham, MA, USA) 

coated with Rain-X on top the polyacrylamide. Gels were left to polymerize for 30 minutes, after 

which time, inserts were separated from the microscope slides. With the coverslips left in place, 

the combined thickness of substrate and coverslip were measured using a digital micrometer 

(548150012, Fowler, Newton, MA, USA) (Figure 2.09). 

 

 

Figure 2.09: Apparatus used to measure substrate thickness. Measurements collected 
with this setup minimized compression of substrates. 
 

 Recorded measurements of substrate thickness were the averages of six readings taken at 

the centre of each substrate. Substrate thickness was calculated by subtracting the coverslip and 

Micrometer	

Transwell	

Stand	

Clamp	
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Transwell thickness (~230 µm) from the total thickness. 

 

Transwell-Substrates 

 Transwell inserts (Figure 2.10A) were placed into tempered-glass petri dishes inside a 

fume hood. Membranes were covered with ethylenediamine for 90 seconds and then washed 

with methanol. Ethylenediamine treatment and methanol washing were repeated another two 

times (Figure 2.10B). Inserts were then removed from the fume hood, washed three times with 

ethanol and left to completely dry in a laminar flow hood. Once dried, inserts were placed into 6-

well plates and treated with 1 mL of 1% glutaraldehyde in PBS for 45 minutes (Figure 2.10C). 

Next, inserts were washed three times with ddH2O and left to dry in a laminar flow hood. These 

were placed onto glass microscope slides (75x38x1 mm) coated with Rain-X. Polyacrylamide 

solutions were made (Table 2.01), and 140 µL was applied to treated inserts. The substrates were 

cast by sandwiching the solutions with Rain-X treated 22 mm coverslips (Figure 2.10D). After 

30 minutes of curing, coverslips and slides were separated from the casted substrates. The 

substrates were placed into 6-well plates and both chambers were washed three times with 

HEPES buffer. Next, polyacrylamide was activated for ECM protein coating by exposing 

substrates covered with 500 µL of 0.5% sulfo-SANPAH in HEPES buffer to UV light for 6 

minutes. This photo-activation step was repeated with another 500 µL of fresh sulfo-SANPAH. 

Substrates were washed with HEPES buffer until unreacted sulfo-SANPAH was removed. 

Under sterile conditions, ECM protein solutions were added to substrates for coating. 

Substrates for A549 cells were covered in 1 mL of 30 µg/mL rat-tail collagen I and substrates for 

BEAS-2B cells received 1 mL of ECS. After 24 hours of coating at 4°C, substrates were washed 

three times with sterile PBS and placed into fresh Costar 6-well plates (720083, Fisher Scientific, 
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Waltham, MA, USA). These were sterilized for 20 minutes under UV light. Substrates were then 

taken to a biosafety cabinet and seeded (Figure 2.10E) with A549 or BEAS-2B cells at 200x103 

cells/cm2. Both Transwell chambers received 2 mL of feeder or LHC-9 media depending on cell 

type. Substrates were maintained in an incubator under conditions previously described. Media 

was changed 1 day after seeding and every two days subsequently. 

 

 
Figure 2.10: Surface modifications to Transwell membranes during Transwell-Substrate 
manufacturing. (A) Transwell membranes (black slab) are composed of PET. (B) Treatment of 
PET Transwell membranes with ethylenediamine results in surface amine groups. (C) 
Glutaraldehyde reacts with amines to form imine links, resulting in surface aldehyde groups. (D) 
Polyacrylamide resins (gray slab) adhere to surfaces presenting aldehyde moieties. (E) Cells are 
seeded onto substrates coated with ECM proteins. 
 

Barrier Function  

Transepithelial Electrical Resistance 

 TEER was measured using a Millicell ERS-2 Voltohmmeter (MERS00002, Merck 

Millipore, Billerica, MA, USA). Net TEER was calculated by subtracting the electrical resistance 

of acellular substrates before seeding from the total resistance measured. 

 

Substrate Permeability 

 The permeability of Transwell-Substrates was determined by measuring the flux of 

fluorescent tracers (Table 2.04) from Transwell apical chambers to basolateral chambers. 

 



	 40	

Table 2.04: Parameters of tracers used in permeability experiments. FITC dextrans 
are composed of polysaccharides randomly conjugated to FITC fluorophores. 
 

Tracer Excitation/Emission 
Wavelengths (nm) Stokes Radius (nm) Product ID Company 

Fluorescein  460/515 0.45 F6377 Sigma-Aldrich, St. 
Louis, MO, USA 

3000-5000 FITC 
Dextran 490/520 1.4 FD4 Sigma-Aldrich, St. 

Louis, MO, USA 
10000 FITC 

Dextran 490/520 2.3 FD10S Sigma-Aldrich, St. 
Louis, MO, USA 

40000 FITC 
Dextran 490/520 4.5 FD40S Sigma-Aldrich, St. 

Louis, MO, USA 
 

 Substrates were prepared for assessment by aspirating all liquid from both Transwell 

chambers. For experiments not involving cells, basolateral chambers were loaded with 2 mL of 

PBS and apical chambers were loaded with 2 mL of tracers (concentration <2000 µg/mL) 

dissolved in PBS. Immediately following apical chamber loading, a FLUOstar Optima (BMG 

LABTECH, Ortenberg, BW, Germany) fluorescence plate reader was used to continuously 

monitor tracer accumulation in the basolateral chamber by measuring fluorescence every minute 

for 2 hours. Fluorescein intensity was read at 450 nm excitation and 520 nm emission; FITC-

Dextran intensity was read at 485 nm excitation and 520 nm emission. 

 The fluorescence-time curves corresponding to each substrate were converted to 

concentration-time curves using fluorescence-concentration standard curves and the hyperbolic 

interpolation function of GraphPad Prism 6.07 (GraphPad Software, La Jolla, CA, USA). The 

slopes of the linear segments of these concentration-time curves (ΔCB/Δt) are related to 

permeability (P) by the steady-state approximation (160) for Transwells (Equation 2.02). 
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Equation 2.02: Transwell steady-state approximation derived from Fick’s First 
Law. Permeability is directly proportional to (ΔCB/Δt). The volume of the basolateral 
chamber (VB), Transwell surface area (A) and tracer concentration of the apical chamber 
(CA) are constant. 
 

 In experiments using cellular substrates, media was removed from both chambers and 

washed once with sterile PBS. Apical chambers were loaded with 2 mL filter sterilized 1000 

µg/mL FD4 dissolved in Hank’s Balanced Salt Solution (HBSS) (14065056, Gibco, Waltham, 

MA, USA). Assessment was initiated by transferring substrates to fresh 6-well plates containing 

2 mL of sterile HBSS per well. Fluorescence accumulation in basolateral chambers were 

recorded at 37°C. Permeability of cellular substrates (PC) were calculated as described above 

using concentration-time curves. Standard curves were generated using serial dilutions of FD4 in 

HBSS. 

 

Substrate Decellularization 

 After cellular substrate permeability was measured, Transwell-Substrates were removed 

of all tracers and HBSS. Substrates were then loaded with 2 mL of 0.25% trypsin (SH3004201, 

Fisher Scientific, Waltham, MA, USA) and placed in an incubator for 30-45 minutes. Substrates 

were then washed at least three times with PBS to remove any traces of cellular debris. The 

permeability of these acellular substrates (PA) were then re-measured as previously described. PA 

values were matched with PC values and applied to Equation 2.03 to isolate epithelial 

permeability (PE), independent of substrate permeability (161). 
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Equation 2.03: Permeability relationship within a barrier composed of sequential  
layers. Each layer contributes to the overall impedance of tracer movement and different 
substrates impede tracers to different extents. Isolation of epithelial permeability allows 
proper comparisons between different substrates. 
 

Statistical Analysis 

 GraphPad Prism 6.07 was used to perform One-way ANOVA and Two-way ANOVA 

statistical analyses.  Statistical significance was achieved when p<0.05. Data is reported as mean 

± standard error of the mean (SEM). 
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Chapter 3: Results – Liquid Covered Substrates 

Epithelial Cells on Glass Polyacrylamide Substrates  

 In the first objective of this thesis I measured the responses (protein localization, mRNA 

abundance and protein abundance) of A549 and BEAS-2B cells to changes in substrate stiffness 

using liquid covered substrates. First, I measured the adherence and viability of A549 cells on 

substrates, across the stiffness range: 300 Pa-19200 Pa, to ensure lung epithelial cells can survive 

on polyacrylamide. 

 

A B 

  
 
Figure 3.01: Adherence of A549 cells is increased on stiffer substrates as measured 
by MTT assay. (A) Standard curve relating cellular viability and cell density (y = 
0.05909x + 0.01467: R2 = 0.9923). Absorbance at 560 nm increases with cellular viability 
(n=4). (B) Comparison of cell densities across substrates.  Data is reported as mean ± 
SEM (*** denotes p < 0.001; n=4). 
 

 Elastic modulus had a significant impact on cell density (p < 0.0001). A549 cells adhered 

more to 19200 Pa (p < 0.0001) and 4800 Pa (p < 0.001) than to 300 Pa substrates (Figure 3.01). 

Cells were seeded at 10x103 cells/cm2, yet only densities between (3.4±0.2)x103 cells/cm2 and 

(6.4±0.1)x103 cells/cm2 were measured, indicating many cells did not adhere upon seeding. 
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 Cells were stained and counted to quantify viability of adherent cells. At least 99.3% of 

adherent cells applied to substrates were alive across all substrate stiffnesses (Figure 3.02). 

Adherent cells were therefore considered to be viable cells. 

 

  
 
Figure 3.02: Quantification of living and dead cells on liquid covered substrates. (A) 
Example image of A549 cells stained for all nuclei (blue: DAPI) and dead cells (red: 
propidium iodide) on a 4800 Pa substrate. (B) Pooled percentages of living and dead cells 
across substrate stiffness. Dead cell percentages are numerically displayed above 
corresponding stiffnesses (n=4 coverslips from separate experiments; cells/condition ≥ 
1061). 
 

 Immunofluorescence microscopy was performed to visualize the cellular locations of 

proteins key to maintaining epithelial cell phenotype. On soft substrates, E-Cadherin is heavily 

localized to the cellular membrane and actin filaments are predominantly located in the cellular 

cortex, consistent with an epithelial phenotype (Figure 3.03). On stiff substrates, E-Cadherin 

staining is largely cytoplasmic or absent and filamentous actin is visible throughout the 

cytoplasm. In areas of low confluence on stiff substrates, A549 cells exhibit spindle-shaped 

morphology with dendritic projections more consistent with mesenchymal cells. In summary, 

A B 
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A549 cells adhere to polyacrylamide substrates and substrate stiffness alters the locations of 

proteins important to epithelial cell phenotype. 
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Figure 3.03: Baseline mechanobiology regulation of A549 cells. Cells were fixed 
with paraformaldehyde and then immunostained for E-Cadherin or phalloidin stained 
for F-actin and counterstained for nuclei with Hoechst 33342. Scale applies to all 
images (n≥2). 
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TGF-β Induced Epithelial-Mesenchymal Transition 

 In the following experiments, TGF-β was used to induce EMT in A549 and BEAS-2B 

cells to determine whether stiff substrates enhanced EMT. EMT was assessed by measuring the 

mRNA and protein abundances of acquired (vimentin, collagen and fibronectin) and attenuated 

(E-Cadherin) EMT markers. Differences due to TGF-β and stiffness were detected using Two-

way ANOVA statistical analysis. 

  

  
 

  
Figure 3.04: Relative mRNA abundances of EMT markers in A549 cells. (A) E-
Cadherin, (B) Vimentin, (C) Collagen and (D) Fibronectin. mRNA abundance is reported 
relative to the 300 Pa control condition in arbitrary units (AU). Data is reported as mean 
± SEM (* denotes p < 0.05; ** denotes p < 0.01; *** denotes p < 0.001; n=4). 
  

 As expected, TGF-β decreased relative mRNA abundance of E-Cadherin (p=0.0048) and 

increased vimentin (p<0.0001) and collagen (p<0.0001) in A549 cells. Relative mRNA 
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abundance of fibronectin was not altered by TGF-β (p=0.5844). However, substrate stiffness had 

no impact on E-Cadherin (p=0.2906), vimentin (p=0.6806), collagen (p=0.1266) and fibronectin 

(p=0.9573) relative mRNA abundances. There was no interaction between substrate stiffness and 

TGF-β [E-Cadherin (p=0.5032), vimentin (p=0.7741), collagen (p=0.1228), fibronectin 

(p=0.9426)]. Thus, in A549 cells EMT was induced by TGF-β, but the degree of EMT was not 

impacted by substrate stiffness (Figure 3.04). 

 I similarly induced EMT in BEAS-2B cells to see if substrate stiffness could alter EMT 

markers in a different lung epithelial cell type (Figure 3.05). 

 

  
 

  
Figure 3.05: Relative mRNA abundances of EMT markers in BEAS-2B cells. (A) E-
Cadherin, (B) Vimentin, (C) Collagen and (D) Fibronectin. mRNA abundance is reported 
relative to the 300 Pa control condition in arbitrary units (AU). Data is reported as mean 
± SEM (* denotes p < 0.05; n=4). 
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 Relative mRNA abundance results for TGF-β induced EMT in BEAS-2B and A549 cells 

were similar. TGF-β had a significant impact on the relative mRNA abundances of all four EMT 

markers [E-Cadherin (p=0.0348), vimentin (p=0.0006), collagen (p<0.0001) and fibronectin 

(p<0.0001)]. Substrate stiffness did not impact the relative mRNA abundances of E-Cadherin 

(p=0.6280), vimentin (p=0.3799), collagen (p=0.8659) and fibronectin (p=0.7859). In BEAS-2B 

cells, no interaction was detected between substrate stiffness and TGF-β [E-Cadherin 

(p=0.6625), vimentin (p=0.6956), collagen (p=0.9093), fibronectin (p=0.8208)]. Multiple 

comparisons show that TGF-β induced significant differences only at particular stiffnesses for 

relative vimentin and collagen mRNA abundances, however results are inconsistent. Only at 

4800 Pa was there a difference (p<0.05) in relative vimentin mRNA abundance between control 

and TGF-β dosed cells, but that difference disappears at 19200 Pa. Relative collagen mRNA 

abundance is increased by TGF-β at 300 Pa (p<0.05) and 1200 Pa (p<0.05), but not at 4800 Pa 

and 19200 Pa, indicating TGF-β induces significant changes in relative collagen mRNA 

abundance at lower stiffnesses. Relative fibronectin mRNA abundance induction was irregular as 

it was significantly increased only at 1200 Pa (p<0.05) and 19200 Pa (p<0.05). Overall, the lack 

of EMT marker mRNA abundance differences due to substrate stiffness indicates that stiffness 

does not impact EMT in BEAS-2B cells. 

 Immunofluorescence microscopy was performed to assess the localization of proteins 

relevant to EMT (Figure 3.06). On 300 Pa substrates TGF-β causes a loss of cortical actin 

staining intensity. On 19200 Pa, no loss of cortical actin is observed in response to TGF-β. Stress 

fibres were not observed on 300 Pa substrates. F-Actin localization is much more cytoplasmic on 

19200 Pa substrates compared with 300 Pa substrates. At 300 Pa, E-Cadherin and F-Actin are 

co-localized. This co-localization is lost with the addition of TGF-β, as well as at increased 
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substrate stiffness. Staining of E-Cadherin on stiffer substrates is diffusely cytoplasmic and not 

in the cell membrane. This effect is further enhanced with the addition of TGF-β. 
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Figure 3.06: BEAS-2B cells on substrates with and without 2 ng/mL TGF-β. BEAS-2B 
cells were stained for E-Cadherin and F-Actin to observe changes in protein cellular location 
and arrangement in response to substrates stiffness and TGF-β. Scale applies to all images 
(n≥2). 
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 I also used immunofluorescence microscopy to visualize the location of β-Catenin. β-

Catenin is not classified as an acquired or attenuated EMT marker, however the cellular location 

of β-Catenin is an important index of EMT. Specifically, in normal epithelium, β-Catenin is 

complexed in adherens junction and localized to the cellular periphery. During the course of 

EMT, β-Catenin complexes with Transcription Factor-7 (TCF) and Lymphoid Enhancer-Binding 

Factor-1 (LEF) (121), which then translocate to the nucleus to regulate the expression of genes 

involved in EMT, such as, Snail1 (121,162). 
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Figure 3.07: BEAS-2B cells on 300 Pa and 19200 Pa substrates. β-Catenin was 
stained to track position relative to nuclei. White arrows show membrane bound β-
Catenin and green arrows show nuclear β-Catenin. Scale applies to all images (n=1). 
 

 β-Catenin is localized to the cell membrane on soft substrates, while on stiff substrates, β-

Catenin staining overlaps with nuclear staining (Figure 3.07). 
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 In addition to mRNA expression and immunofluorescence, the abundances of EMT 

marker proteins were analyzed. Western blot was performed on protein lysates collected from 

300 Pa and 19200 Pa substrates in control conditions and after TGF-β dosing. Densitometry was 

then performed to compare the relative protein abundances of the selected markers (Figure 

3.08). 

  
 

 

 

 
Figure 3.08: Relative protein abundances of EMT markers in BEAS-2B cells. (A) E-
Cadherin, (B) Vimentin and (C) β-Catenin. Protein abundance is reported relative to the 
300 Pa control condition in arbitrary units (AU). Data is reported as mean ± SEM (* 
denotes p < 0.05; n=3). 
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abundance of vimentin (p=0.0187). The decrease in relative E-Cadherin protein was only 

significant at 19200 Pa (p<0.05). No differences were detected in multiple comparisons for 

vimentin. TGF-β has no effect on the relative protein abundance of β-Catenin (p=0.1505) and no 

interaction between substrate stiffness and TGF-β were detected for E-Cadherin (p=0.9230), 

vimentin (p=0.9608) and β-Catenin (p=0.8193) (Figure 3.08). 

 Overall, substrate stiffness does not influence mRNA or protein abundances of EMT 

markers induced or attenuated by TGF-β, however, cellular arrangements of proteins relevant to 

EMT and epithelial phenotype were markedly altered by substrate stiffness. Thus, substrate 

stiffness does not alter levels of proteins involved in epithelial phenotype, but does modulate 

their cellular locations, which may impact epithelial barrier function. 
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Chapter 4: Results – Grafting Polyacrylamide onto Transwells 

Spectroscopic Comparison of PET Transwell Membranes and PET Film  

 In this section, I developed Transwell-Substrates by determining how to best chemically 

graft polyacrylamide to PET. PET is a widely used polymer, due to its high tensile strength 

(163), chemical inactivity (164), and barrier properties (165). PET is primarily synthesized 

through esterification by reacting ethylene glycol with terephthalic acid (166). Alternatively, 

PET can be synthesized through the transesterification of dimethyl terephthalate by ethylene 

glycol (167). The chemical structure of PET is repeating units of terephthalate and ethylene 

glycol (Figure 4.01) with the chemical formula: (C10H8O4)n. 

 

 
Figure 4.01: Chemical structure of PET. The terephthalate portions of the overall 
structure are composed of aromatic rings flanked by para-substituted carbonyl groups. 
Carbonyls are part of the ester groups that link together other rings through ethylene. 
  

 FT-IR was performed on Transwell membranes and commercial PET film (Figure 4.02) 

to confirm the presence of major PET structures in Transwell membranes. The prominent 

carbonyl (C=O) stretching vibration was observed at 1714 cm-1 in Transwell membranes and at 

1705 cm-1 in PET film. Aromatic vibrations at 1409 cm-1, 1022 cm-1 and 871 cm-1 were observed 

in PET film, and at 1412 cm-1, 1022 cm-1 and 872 cm-1 in Transwell membranes. One (CH2) 

bending vibration signal was observed in each spectrum: 1341 cm-1 in Transwell membranes and 

1342 cm-1 in PET film. The other (CH2) bending vibration is typically observed around 1180 cm-

1. Four (C-O) stretch signals were observed in both spectra, in Transwell membranes: at 1247 
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cm-1, 1122 cm-1, 1089 cm-1 and 969 cm-1, in PET film at: 1232 cm-1, 1122 cm-1, 1092 cm-1 and 

970 cm-1. 

 

 
Figure 4.02: FT-IR spectra of PET film and a Transwell membrane. i) (C=O) stretch, 
ii) aromatic vibrations, iii) (CH2) bend, iv) (C-O) stretch. 

 
 

 XPS analysis of Transwell membranes and PET film show strong peaks at 281 eV and 

529 eV, which are indicative of carbon and oxygen, respectively. This is expected, as carbon and 

oxygen are the elements in PET that have core electrons. The Transwell membrane spectrum 

shows a weak peak at 396 eV, which indicates trace nitrogen (Figure 4.03). Thus, FT-IR and 

XPS both suggest likeness between PET Transwell membranes and PET film. 
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Figure 4.03: XPS spectra of PET film and a Transwell membrane. Oxygen, nitrogen 
and carbon core electrons are labeled O 1s, N 1s and C 1s, respectively. 
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Surface Modification of PET and Polyacrylamide Grafting 

 In order to promote the adherence of polyacrylamide to PET, a number of chemical 

treatment strategies were screened and spectroscopically evaluated. First, I attempted to modify 

PET film by treating it with 100 W oxygen plasma for 3 minutes (Figure 4.04).  

 
Figure 4.04: FT-IR spectra of control PET film and PET film treated with oxygen 
plasma.  
 

 There is no discernable difference in the FT-IR spectra between oxygen plasma treated 

PET film and control PET film. Next, I followed oxygen plasma treatment with silane treatment 

and analyzed the spectra for the (Si-O) vibration, which is known to be around 1250-1000 cm-1 

(168). Following oxygen plasma treatment, I applied APTMS to the PET slip (Figure 4.05). 
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Figure 4.05: FT-IR spectra of control PET film and PET film treated with oxygen 
plasma and APTMS. 
 

 There is no difference in the FT-IR spectra between oxygen plasma + APTMS treated 

PET film and control PET film. Thus, the treatment was unsuccessful because no (Si-O) 

vibration was observed. Similarly, I applied methacrylate silane to oxygen plasma treated PET 

film (Figure 4.06). 

 
Figure 4.06: FT-IR spectra of control PET film and PET film treated with oxygen 
plasma and 3-(Trimethoxysilyl)propyl methacrylate. 
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 Methacrylate silane modification was also unsuccessful because no (Si-O) vibration was 

observed.  

 Coating PET film with polydopamine as a primary surface modification was attempted in 

conjunction with cysteamine (Figure 4.07). 

  

 
Figure 4.07: FT-IR spectra of control PET film and PET film coated with 
polydopamine, functionalized with cysteamine. 
 

 The FT-IR spectrum of polydopamine coated PET film with cysteamine was no different 

than the control PET film spectrum. If successful, a signal around 1250-1000 cm-1 indicating the 

(C-N) vibration would be observed (168). 
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 Aminolysis of PET was attempted using ethylenediamine (Figure 4.08). 

 

 
Figure 4.08: Aminolysis of PET by ethylenediamine. Nucleophile amine groups attack 
PET carbonyls resulting in polymer chain scission. Dual amine functionality of 
ethylenediamine results in simultaneous installation (amide formation) and surface amine 
presentation. 
 

 

 
Figure 4.09: FT-IR spectra of untreated PET film and PET film treated with 
ethylenediamine.  
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 The FT-IR spectrum of ethylenediamine treated PET shows a signal at 1540 cm-1, which 

is a known amide vibration and a marker of surface amines (Figure 4.09). XPS analysis shows a 

peak at 396 eV, which is indicative of nitrogen and also suggests the presence of surface amines 

(Figure 4.10). The FT-IR and XPS analyses both support the presence of surface amine groups. 

Thus, aminolysis of PET appears to be a successful surface modification strategy. 

 

 
Figure 4.10: XPS spectra of PET film and PET treated with ethylenediamine. 
 

 Glutaraldehyde application was the subsequent step in this treatment strategy. The 

aldehyde groups react with surface amines to form imines, resulting in surface aldehyde groups 

that promote polyacrylamide adherence. This was confirmed with a physical scrape test (Figure 

4.11). 
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Figure 4.11: Scrape test for polyacrylamide grafted to PET film treated with 
ethylenediamine and glutaraldehyde. One hundred microliters of polyacrylamide were 
applied to untreated and treated PET film and then scraped off in a cross pattern with a 
sharp, pointed edge. Images were taken of films that clearly demonstrated differences in 
adherence between treated and untreated PET (n≥3). 

 

 Polyacrylamide applied to PET film treated with ethylenediamine and glutaraldehyde is 

significantly more difficult to remove than polyacrylamide applied to untreated PET film, this is 

best shown by the differences in adherences in the 1200 Pa and 19200 Pa gels. Thus, using 

ethylenediamine and glutaraldehyde to fix polyacrylamide to PET film is a viable strategy, and 

by extension, this strategy is viable for fixing polyacrylamide to PET Transwell membranes. 
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Optimizing Substrate Permeability and Thickness 

To optimize substrate thickness, various volumes of polyacrylamide were applied to 

Transwell inserts (Figure 4.12). 

 
Figure 4.12: Relationship between polyacrylamide volume, substrate stiffness and 
substrate thickness for 24 mm Transwells. Data is reported as mean ± SEM (n=3). 

 

 As expected, greater polyacrylamide volumes result in thicker substrates (p < 0.0001). 

Measured thicknesses were marginally less than the predicted thicknesses, which are calculated 

by assuming Transwell inserts are perfect cylinders. Critically, polyacrylamide stiffness did not 

impact substrate thickness (p = 0.8574), and there is no interaction between substrate stiffness 

and polyacrylamide volume (p = 0.7741). Measurements at each thickness were pooled (3 

replicates x 4 stiffnesses = 12 replicates/volume) across the substrates to generate a calibration 

equation relating substrate thickness to polyacrylamide volume in 24 mm Transwell inserts 

(Equation 4.01). 
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∆! = 2.023! − 91.9 

Equation 4.01: Polyacrylamide volume to substrate thickness calibration equation. 
Substrate thickness (Δx) and the y-intercept are in units of ‘µm’. Resin volume (V) is in 
units of ‘µL’, and the slope is in units of ‘µm/µL’. 

 

Acellular, 300 Pa and 19200 Pa, Transwell-Substrates were manufactured with 

thicknesses of either 413.8 µm or 919.5 µm, corresponding to 250 µL and 500 µL of 

polyacrylamide, respectively, without ECM coatings. Permeability of these substrates were then 

assessed by measuring fluorescent tracer flux. Tracers have been shown to permeate 

polyacrylamide gels (169), however, the permeability of polyacrylamide grafted onto Transwell 

membranes has not been explored up until this point. 

 
Figure 4.13: Permeability of Transwells with polyacrylamide grafted to the 
membranes. Transwell membranes were surface treated with ethylenediamine and 
glutaraldehyde. Desired substrate thicknesses were achieved by applying particular 
volumes of polyacrylamide. Permeability was determined by measuring the steady state 
flux of fluorescein from apical chambers to the basolateral chambers. Data is reported as 
mean ± SEM (n=3). 
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Transwells with polyacrylamide grafted to the membranes are much less permeable than 

unmodified Transwells. Transwell permeability falls from 65.8x10-6 cm/s to less than (22±6) 

x10-6 cm/s after grafting polyacrylamide to inserts. Not surprisingly, Transwell-Substrates with 

thicker layers of polyacrylamide are less permeable than Transwell-Substrates with thinner 

layers of polyacrylamide (p = 0.0200) (Figure 4.13). In this experiment, substrate stiffness did 

not impact substrate permeability (p = 0.3406). 

In the next experiment, 413.8 µm thick substrates with stiffnesses of 300 Pa and 19200 

Pa were manufactured. The permeabilities of these Transwell-Substrates were measured using 

tracers with Stokes radii comparable to that of biological compounds present in cell culture 

(Figure 4.14). 

 
Figure 4.14: Substrate stiffness impacts substrate permeability on 413.8 µm thick 
Transwell-Substrates. Data points are labeled in parentheses with the product name of 
the tracers that were used to measure substrate permeability. Dotted-vertical lines are the 
Stokes Radii for commonly sized biological molecules found in cell culture; intersection 
with the data indicates the expected permeability for that compound on that particular 
substrate. Data is reported as mean ± SEM (n=3).  
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Substrate stiffness impacts substrate permeability (p<0.0001), with soft substrates being 

more permeable than stiff substrates. Stokes radius also impacts permeability (p<0.0001), larger 

molecules are less permeable than smaller molecules. There is no interaction between substrate 

stiffness and Stokes radius (p=0.1389). 

In summary, I have shown Transwell-Substrates can be manufactured by grafting 

polyacrylamide onto Transwell membranes using ethylenediamine and glutaraldehyde. These 

Transwell-Substrates are permeable to a range of differently sized molecules. If Transwell-

Substrates are used for ALI culturing of primary AECs it is likely media components will diffuse 

through the polyacrylamide and permit cell survival. If not, Transwell-Substrates should at least 

be suitable for liquid covered culturing of lung epithelial cell lines and direct assessments of 

epithelial barrier function.  
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Chapter 5: Results – Transwell-Substrates 

Transepithelial Electrical Resistance 

 A549 alveolar epithelial cells were grown on Transwell-Substrates with stiffnesses 

between 1200 Pa and 19200 Pa and on Transwells with no polyacrylamide (blank) (Figure 5.01). 

TEER was measured every two days. A549 cells are not typically used for epithelial barrier 

function studies involving TEER measurements because they do not form tight monolayers and 

develop high TEER like other AEC lines, such as  Calu-3 cells, which can reach TEER >700 

Ω⋅cm2 (170-172). Nevertheless, I replicated these experiments on Transwell-Substrates, and 

confirmed that A549 cells develop negligible TEER within the tolerances of the TEER meter. 

 

 
Figure 5.01: TEER measurements of A549 cells grown on Transwell-Substrates. 
Values are reported as the resistance difference between cellular substrates at a particular 
day and the bare acellular substrate immediately before seeding (n=1). 
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Paracellular Permeability – A549 Alveolar Epithelial Cells 

 Although, TEER measurements are quick and non-destructive, they are labile and altered 

by small perturbations like media changes. Large variations can also occur between cell 

passages. Assessments of epithelial permeability are complementary and reciprocal to TEER 

(i.e., high TEER typically infers low permeability), both measurements are commonly paired 

together for validity in reports of direct epithelial barrier function (170,173,174). Permeability 

assessments may even detect changes that TEER measurements cannot, depending on the 

porosity (pore area/total area) and constrictivity (tracer diameter/pore diameter) of the epithelium 

(175). For these reasons we focused our efforts measuring epithelial permeability, a 

prospectively more reliable index of epithelial barrier function than TEER.  

 Epithelial monolayer permeability is measured using tracer molecules that are easily 

quantified. Common tracers include: fluorescently labeled graded dextrans (171,176), 

radiolabeled mannitol (160) and radiolabeled graded polyethylene glycol oligomers (177). 

 

 
Figure 5.02: Permeability of Transwell-Substrates with and without cells at 
particular elastic moduli.  A549 cells were seeded on 191 µm thick substrates. Substrate 
permeability was measured using FD4 after 4 days of culturing. Data is reported as mean 
± SEM (**** denotes p < 0.0001; n=6). 
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 Transwell-Substrates with A549 cells were less permeable than their corresponding 

Transwell-Substrates without cells (p < 0.0001) (Figure 5.02). Removal of cells dramatically 

increased substrate permeability by at least ~5x10-6 cm/s across all elastic moduli. This is 

expected, as the presence of cells is an additional layer that impedes FD4 movement. Epithelial 

permeability, at each stiffness, was isolated from the composite epithelial and substrate 

permeability (Figure 5.03). In A549 cells, substrate stiffness did not significantly impact 

epithelial permeability (p = 0.0710). 

 

 
Figure 5.03: The permeability of A549 epithelial monolayers grown on Transwell-
Substrates. Epithelial permeability was calculated from the data in Figure 5.02. Data is 
reported as mean ± SEM (n=6). 
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Paracellular Permeability – BEAS-2B Airway Epithelial Cells 

 The epithelial permeability experiments on Transwell-Substrates as described above were 

similarly performed using BEAS-2B cells (Figure 5.04). 

 

A B 

Figure 5.04: (A) FD4 permeability of Transwell-Substrates with and without BEAS-
2B monolayers. (B) Standalone BEAS-2B epithelial monolayer permeability 
decoupled from substrate permeability. BEAS-2B cells were seeded on Transwells-
Substrates 191 µm thick. Substrate permeability was measured using FD4 after 4 days of 
culturing. Data is reported as mean ± SEM (* denotes p < 0.05, **** denotes p < 0.0001; 
n=6). 
 

 Like A549 cells, the presence of BEAS-2B cells lowers the permeability of Transwell-

Substrates (p < 0.0001). Elastic modulus had a significant impact on epithelial permeability (p = 

0.0145). BEAS-2B layers on 2400 Pa and 19200 Pa substrates are less permeable than BEAS-2B 

layers on 300 Pa substrates (p < 0.05). No statistical difference was detected between layers 

grown on 2400 Pa and 19200 Pa substrates.  

 TGF-β is a known disrupter of epithelial barrier function (123,178) and a cytokine 

implicated in asthma pathophysiology (1,27,179). BEAS-2B monolayers were exposed to 10 

ng/mL of TGF-β or dilution buffer (control) (Figure 5.05). 
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Figure 5.05: TGF-β elevates the permeability of BEAS-2B monolayers cultured on 
Transwell-Substrates. BEAS-2B cells were cultured for 4-5 days on 191 µm thick 
Transwell-Substrates. Monolayers were exposed to TGF-β or dilution buffer for 48 hours, 
3-4 days after seeding. Permeability was assessed with FD4. Data is reported as mean ± 
SEM (* denotes p < 0.05; n=4-7). 
 

 BEAS-2B cells treated with TGF-β were more permeable than control BEAS-2B cells (p 

< 0.05) and substrate stiffness significantly impacted epithelial permeability (p < 0.05). BEAS-

2B cells treated with TGF-β on 1200 Pa substrates were more permeable than BEAS-2B cells 

treated with TGF-β on 19200 Pa and 38400 Pa substrates. I expected an enhanced response to 

TGF-β on stiff substrates, this was not observed, as there was no difference between control and 

TGF-β dosed cells at specific elastic moduli. The overall increase in permeability in response to 

TGF-β is in agreement with the anticipated biological response, which lends validity to 

Transwell-Substrates as an in vitro model for studying airway epithelial barrier function. 

  

1200 2400 4800 19200 38400
0

5

10

15

20

25

Elastic Modulus (Pa)

E
pi

th
el

ia
l P

er
m

ea
bi

lit
y 

(x
10

-6
 c

m
/s

)
Control 10 ng/mL TGF-β

*
*



	
	

	 71	

Chapter 6: Discussion, Summary and Future Directions 

Discussion 

Liquid Covered Polyacrylamide Substrates 

 In the work presented, I used liquid covered polyacrylamide substrates to expose A549 

alveolar cells and BEAS-2B airway cells to different substrates stiffnesses in order to 

recapitulate ECM stiffening in asthma. First, I tested to see if A549 cells would survive on and 

adhere to polyacrylamide substrates. The overwhelming majority of adherent cells survived, 

however, more cells adhered to stiffer substrates. This difference in adherence may be due to 

increased cellular area and focal adhesion size, which is greater on stiffer substrates (142).  

 Next, I assessed the cellular locations and organizations of E-Cadherin and F-Actin, as 

they are good indicators of epithelial phenotype. In true epithelium, E-Cadherin is located on the 

cell membrane where it mediates formation of adherens junctions between cells, while F-Actin is 

cortical to support robust cell-cell contact. In contrast, cytoplasmic stress fibres can drive 

formation of lamellipodia, filopodia and invadopodia that are more typical of motile 

mesenchyme-like cells (124). On soft substrates, the cellular localization of E-Cadherin and F-

Actin are consistent with that of differentiated airway epithelium in vitro and in vivo, while on 

stiff substrates the cellular locations and organizations of these proteins are not what are 

expected of epithelial cells. 

 A more in-depth analysis revealed by measuring mRNA abundances of EMT markers on 

different substrates in A549 cells demonstrated that none of the acquired or attenuated markers 

of EMT changed in response to substrate stiffness. This is supported by a recent study, in which 

the authors used polydimethylsiloxane substrates (129). I repeated this assessment with BEAS-

2B cells as they are AECs rather than alveolar epithelial cells, and are therefore more relevant to 
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asthma (180). Similar to A549 cells, EMT marker mRNA abundances in BEAS-2B cells were 

not altered by substrate stiffness. 

 In BEAS-2B cells, F-Actin localization appeared to be more cytoplasmic on stiff 

substrates compared with soft substrates. Cytoplasmic F-Actin localization is a major criteria for 

EMT, being indicative of cellular polarity loss because actin filaments are tethered to adherens 

and tight junctions in normal polarized epithelium (121). Like my previous results with A549 

cells, E-Cadherin in BEAS-2B cells localized to the cell membrane on soft substrates and 

localized to the cytoplasm on stiff substrates, this effect was enhanced with the addition of TGF-

β. E-Cadherin and F-Actin are both critical in the assembly and maintenance of adherens 

junctions, I therefore investigated another adherens junction protein and EMT marker: β-Catenin. 

The cellular location of β-Catenin is indicative of its function; in normal epithelium, β-Catenin is 

complexed in adherens junctions and localized to the cellular periphery. During the course of 

EMT, β-Catenin complexes with TCF and LEF (121) before translocating to the nucleus to 

regulate the expression of genes involved in EMT (121,162). Immunofluorescence microscopy 

showed increased substrate stiffness induced the nuclear translocation of β-Catenin, suggesting 

that substrate stiffness regulates EMT in AECs. 

 I next assessed abundances of EMT marker proteins, as there are multiple levels of 

regulation involved in EMT (121,181,182). I did not detect any differences in relative protein 

abundances of EMT markers due to substrate stiffness in BEAS-2B cells, similar to results 

reported in the literature (142). My experiments using liquid covered substrates showed substrate 

stiffness had no impact on mRNA and protein abundances of epithelial and EMT markers. A 

possible explanation maybe the ECM coatings I used in my experiments. Specifically, substrates 

were coated with collagen I (A549) or fibronectin, collagen I and BSA (BEAS-2B). Epithelial 
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cells in the airways ordinarily bind to laminin 5, 10 and 11 through integrin α3β1 and α6β4 (85). 

This is important to consider because different integrins have different biological effects, which 

may impact AEC functions. For example, α3β1 (laminin binding) is involved in the establishment 

of epithelial polarity (85,183). Laminin may be required for mechanotransduction pathways to be 

fully activated and this may explain why no differences in mRNA and protein abundances of 

EMT markers were detected in response to changes in substrate stiffness. 

 Overall, substrate stiffness does not influence mRNA or protein abundances of EMT 

markers altered by TGF-β, but it does alter the cellular arrangements of proteins involved in 

EMT. Therefore, substrate stiffness may have effects on AECs that do not manifest as changes in 

protein levels, but may result in structural and functional changes in the cells. 

 

Transwell-Substrate: Optimization 

 The second objective of this thesis was to develop a model in which it is possible to 

measure AEC barrier function across a range of substrate stiffnesses. My approach was to graft 

polyacrylamide substrates to Transwell membranes. Transwell membranes made from PET, 

polycarbonate or polytetrafluoroethylene are comercially available. PET Transwells are low in 

opacity and therefore are the best option for imaging. Many strategies for the surface activation 

of PET have been published (184-191). Thus, PET Transwells were used for developing  this 

model. 

 I first confirmed the chemical structure and composition of Transwell membranes by 

comparing their FT-IR and XPS spectra to the spectra of commercially certified PET film, which 

I considered as a standard. There was strong spectral agreement between Transwell membranes 

and PET film, indicating chemical likeness. However, some spectral results were unexpected. 
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Typically there are two possible FT-IR signals for PET (CH2) bending vibrations (192), yet only 

one signal was observed for each spectrum: 1341 cm-1 in Transwell membranes and 1342 cm-1 in 

PET film. The other (CH2) bending vibration is typically observed around 1180 cm-1. XPS 

analysis of Transwell membranes revealed the presence of trace nitrogen, which is not present in 

the chemical formula of PET [(C10H8O4)n]. According to the manufacturer, PET Transwell 

membranes are made from recycled PET, therefore the nitrogen contamination may be a result of 

the recycling process. Thus, Transwell membranes are slightly different in composition 

compared with PET film as shown by XPS, but FT-IR analysis demonstrates that bulk molecular 

structures in Transwell membranes are the same as in PET film. This chemical likeness allowed 

us to use PET film to mimic Transwell membranes and test surface treatment strategies that may 

promote polyacrylamide adherence. 

 Of the surface modification strategies I screened, ethylenediamine and glutaraldehyde 

treatment demonstrated the best spectral and physical evidence for chemical bonding of 

polyacrylamide to PET. Ethylenediamine was used to install surface amines on PET, which 

occurs through a very well characterised reaction: aminolysis (193). Analyses of 

ethylenediamine treated PET by FT-IR typically show two amide signals at 1540 cm-1 and 1640 

cm-1 (192). A signal peak at 1540 cm-1 was clearly observed in ethylenediamine treated PET 

film, however I did not observe the latter FT-IR signal around 1640 cm-1, it was likely hidden by 

the more prominent carbonyl signal. Moreover, XPS analysis shows a new nitrogen peak at 396 

eV after ethylenediamine treatment. Thus, the combined spectral data indicates evidence of 

aminolysis and the presence of surface amines. These surface amines were then reacted with 

glutaraldehyde to form a Schiff Base (192). Glutaraldehyde is a five-carbon cross linker 

consisting of two terminal aldehyde groups. In my protocol, one of the aldehydes participates in 
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the Schiff Base and the other is presented for polyacrylamide fixation. The exact linkage 

between glutaraldehyde and polyacrylamide is unknown. Unlike amine groups, amides are 

comparativly unreactive, therefore it is unlikely the acrylamide amides bond with the 

glutaraldehyde carbonyls. Nevertheless, through some linkage, glutaraldehyde does bind to 

polyacrylamide and this interaction has been cited numerous times, and even illustrated in high 

impact journals (194). 

 One potential caveat of the protocol is that ethylenediamine is effectively an organic 

solvent, and prolonged exposure destroys the adhesive that binds the Transwell membrane to the 

plastic support. This problem is easily avoidable by performing repeated rounds of short 

ethylenediamine exposure and intermittent washings steps. 

 To optimize Transwell-Substrates for cell culture, the relationship between 

polyacrylamide volume and substrate thickness was determined. This was necessary because 

substrate thickness impacts substrate permeability and mechanotransduction. Barrier thickness is 

inversely proportional to permeability (161), therefore thinner substrates are more favorable for 

cell culturing because nutrients and waste can easily diffuse between both Transwell 

compartments. However, very thin substrates are not desirable, because as substrate thickness 

approaches the lateral dimensions of the cell, the substrate is sensed as stiff regardless of the 

actual substrate stiffness (195). The thickness at which this effect becomes apparent varies 

between cell types and must be experimentally determined. In rat cardiac fibroblasts, 60 µm is 

the threshold thickness (196), while in human fetal lung fibroblasts 100 µm is the threshold 

(195). As expected, I found a linear relationship between polyacrylamide volume and substrate 

thickness, and I also found that polyacrylamide stiffness does not impact thickness at a given 

volume of applied polyacrylamide. This allowed me to calibrate substrate thickness based on 
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polyacrylamide volume for all stiffnesses. I initially decided Transwell-Substrates for cell 

culturing should be at least 100 µm thick, but I found that polyacrylamide volumes less than 140 

µL do not adequately cover 22 mm Transwell membranes and volumes greater than 140 µL 

cause substrates to buckle around the edges. Transwell-Substrates for cell culture were therefore 

manufactured using 140 µL of polyacrylamide, corresponding to a thickness of 191 µm. For 22 

mm Transwells, 191 µm thick polyacrylamide provides the lowest practical impedance for 

nutrient/waste transfer and is well above the 100 µm mechanotransduction threshold. 

 Polyacrylamide is permeable, and its diffusion characteristics have previously been 

analyzed using fluorescent tracers (169), but the permeability of polyacrylamide grafted onto 

PET Transwells has not previously been explored. I showed that a barrier composed of 

polyacrylamide and porous PET is indeed permeable. To characterize Transwell-Substrate 

permeability I used a series of fluorescent tracers with Stokes radii between 0.45 nm and 4.5 nm 

to replicate the range of soluble biomolecules present in culture media, such as: glucose (0.32 

nm) (197) and albumin (3.8 nm) (198). Stokes radius is a biologically relevant parameter that is 

predictive of an ion or molecule’s ability to permeate a barrier; Stokes radius is inversely 

proportional to permeability (161). My preliminary characterizations of Transwell-Substrates 

showed that molecules of different sizes can move between the two chambers, indicating 

Transwell-Substrates are indeed permeable. The range of compounds that may be present in cell 

culture media for experiments should be able to diffuse between Transwell chambers, this is 

critical for future ALI culturing of primary AECs, because media components must diffuse 

through the substrate to allow for cell survival. I found that stiffer substrates are less permeable 

than softer substrates, this is not an issue for the survival of submerged culturing of cell lines, 

however, assessing cell viability across the stiffness range will need to be considered for ALI 
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culturing of primary AECs. To control for this substrate permeability difference, in epithelial 

barrier function assessments, Transwell-Substrates seeded with cells must be considered a 

composite barrier of sequential layers (epithelium-polyacrylamide-PET), this permits 

mathematical isolation of epithelial layer permeability from that of the substrate and allows 

proper comparisons of epithelial permeability across substrate stiffnesses (161). Isolation of the 

epithelium from the substrate is essentially a background subtraction that corrects for impedance 

caused by the substrate, which varies across different stiffnesses due to pore size, gel percentage 

and crosslinking degree (199). 

 I have created a strategy to manufacture Transwell-Substrates and demonstrated that 

these Transwell-Substrates are permeable. Therefore, they are feasible for cell culture and 

epithelial barrier function experiments. 

 

Transwell-Substrate: Epithelial Barrier Function 

 After optimizing Transwell-Substrates, I performed biological experiments with them 

using A549 and BEAS-2B cells. A549 and BEAS-2B cells have previously been used for barrier 

function studies (94,200,201), however, they are not optimal for these studies as they do not 

form tight monolayers (170-172). Consistent with this, A549 cells did not develop TEER, thus I 

focused on measuring epithelial permeability. 

 Relative permeability measurements on glass polyacrylamide substrates have been 

reported in experiments with endothelial cells (148,202), however, this is the first time absolute 

permeability of endothelial or epithelial layers has been measured across different elastic moduli. 

My original hypothesis was that stiffer substrates would disrupt barrier function resulting in high 

permeability on stiff substrates, but this was not observed. Higher permeability values were 
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actually measured on softer substrates. However, based on the absolute magnitude of the 

permeability values I measured, it is unlikely the cells cultured on Transwell-Substrates formed 

the proper junctions necessary for epithelial tightness. My range of permeability values for A549 

cells (9.7x10-6 cm/s to 15.1x10-6 cm/s) is consistent with literature values (3.4x10-6 cm/s (201) to 

~16x10-6 cm/s (123)). There are no reports to compare my BEAS-2B permeability measurements 

with, but my results (7.6x10-6 cm/s to 18.4x10-6 cm/s) are significantly higher than what is 

measured in tight lung epithelial cells, such as: Calu-3 and 16HBE14o, which can have baseline 

FD4 permeability as low as 0.006x10-6 cm/s (174) and 1.53x10-6 cm/s (203), respectively. 

 My results and the current literature indicate that epithelial cell type determines the extent 

to which they form junctions and respond to substrate stiffness. A549 permeability did not 

change in response to substrate stiffness, while BEAS-2B permeability did. For BEAS-2B cells, 

the lower permeability detected on stiffer substrates is likely the result of increased cell 

spreading and larger focal adhesions, which are known to occur to a greater extent on stiffer 

substrates (195,204-206). Cell area and substrate stiffness are both predictors of traction forces at 

focal adhesions, which must be generated for normal cellular adherence (207). Cell spreading 

decreases the available area that tracers can move through, which results in decreased 

permeability. If cells are capable of forming tight epithelial junctions, then a biphasic response to 

substrate stiffness may be observed (208). In this type of response, cell spreading at lower 

stiffnesses competes with barrier disruption at higher stiffnesses, this results in a particular 

stiffness at which barrier integrity peaks (Figure 6.01). My experiments on Transwell-Substrates 

captured only the latter phase of this biphasic response, which reconciles my results with my 

hypothesis and the current literature. Furthermore, my immunohistochemistry results for A549 

and BEAS-2B cells at baseline support this conclusion. Cells on 19200 Pa substrates compared 
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with cells on 300 Pa substrates occupy more area and clearly show a more spread-out 

morphology along with actin stress fibres, both of which indicate greater cellular tractions. If 

A549 and BEAS-2B cells could form proper tight junctions it is likely they would be disrupted 

on stiff substrates, because stiff substrates enhance cellular tractions, which in turn diminish 

barrier function (146). 

	
Figure 6.01: Idealized relationships between epithelial permeability and elastic modulus. 
A549 and BEAS-2B cells only spread out in a single phase. Response of tight epithelium to 
elastic modulus is biphasic.   
 

 Lastly, I tested if epithelial permeability could be modulated on Transwell-Substrates 

using TGF-β. Levels of TGF-β are elevated in the airways of asthmatic patients (122) and TGF-β 

is an established epithelial barrier function antagonist (123,178,209). TGF-β is also a known 

down-regulator of epithelial characteristics in A549 (210,211) and BEAS-2B cells (212,213). For 

my experiments investigating epithelial markers in Chapter 3, I used an established sub-optimal 

TGF-β dose of 2 ng/mL (134,212); in my experiments with Transwell-Substrates I used a TGF-β 

dose of 10 ng/mL, which has been previously used in epithelial barrier function studies 

(123,178). As expected, TGF-β did cause an overall increase in epithelial permeability, however, 

no statistically significant differences in epithelial permeability were detected at specific 
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substrate stiffnesses. I did detect that TGF-β treated BEAS-2B cells on 19200 Pa and 38400 Pa 

substrates were less permeable than TGF-β treated cells on 300 Pa substrates. 

Immunohistochemistry shows that TGF-β treated cells on 19200 Pa substrates occupy more area 

then TGF-β treated cells on 300 Pa substrates, therefore TGF-β seems to have a comparable 

effect to substrate stiffness on cell spreading. Originally, I expected an enhanced increase in 

permeability in response to TGF-β at higher substrate stiffnesses; enhanced TGF-β induced EMT 

has previously been demonstrated in kidney (134) and endometrial (139) epithelial cells. Based 

on my previous results it is not likely TGF-β increased epithelial permeability in my experiments 

by down regulating junction proteins, but rather by inhibiting cell spreading. 

 I have shown a way of modifying PET Transwells to make a model on which substrate 

stiffness can be modulated and absolute epithelial permeability measured. As a model to study 

mechanotransduction in epithelial and endothelial cells, Transwell-Substrates will be useful in 

exploring the connection between matrix stiffness and barrier function (Table 5.01). I have not 

demonstrated the connection between matrix stiffness and AEC barrier function in asthma, but I 

have developed a platform that will aid in establishing the relevance of this connection. In 

general, Transwell-Substrates will be useful for in vitro studies of diseases in which changes in 

matrix stiffness and barrier function are concomitant pathophysiological features. 
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Table 5.01: Comparison of AEC cultures used, considered and developed in this thesis. 
Ideal method of culturing depends on types of questions being asked, cell types being used and 
desired outputs. 
 Liquid Covered Substrate Transwell Transwell-Substrate 

Pro 

• Stiffness can be 
modulated. 

• Inexpensive. 

• Commercially available  
• Explicit barrier function: 

TEER and paracellular 
permeability. 

• ALI: Differentiation, 
epithelial polarization and 
mucociliary function. 

• Stiffness can be 
modulated. 

• Explicit barrier function: 
TEER and paracellular 
permeability. 

• ALI: Differentiation, 
epithelial polarization and 
mucociliary function. 

Con • Must be manufactured. • Fixed stiff substrate. 
• Costly. 

• Must be manufactured. 
• Costly. 

Ideal Use 

• For cells that must be 
submerged. 

• For studies exploring 
ECM stiffness. 

• For cells that require ALI 
culturing. 

• For studies exploring 
barrier function. 

• For submerged and ALI 
culturing. 

• For studies exploring 
barrier function and ECM 
stiffness. 

 

Summary and Future Directions 

 I have shown that substrate stiffness does not impact mRNA and protein abundances of 

epithelial and EMT markers in A549 and BEAS-2B cells. However, substrate stiffness does alter 

the cellular locations of some of these proteins. To further investigate the influence of substrate 

stiffness on AECs, I created a platform on which it is possible to modulate substrate stiffness and 

directly measure epithelial permeability, which is a direct readout of epithelial barrier function.  

 In the future, I hope to use primary AECs from multiple asthmatic and non-asthmatic 

donors with Transwell-Substrates to investigate the influence airway wall stiffness has on AEC 

phenotype. Primary AECs are a true epithelium with high protein abundances of E-Cadherin and 

ZO-1, as well as proper cell junction organization. Not only do primary AECs form tight 

epithelia, they also exhibit apical-basolateral polarization and mucociliary characteristics. My 

thesis focused on AEC barrier function because airway obstruction due to increased ASM 

contraction is promoted by impaired AEC barrier function. Impaired AEC mucociliary function 

also contributes to airway obstruction through mucus plugging. Mucociliary function may also 



	 82	

be regulated by substrate stiffness and this connection may be explored using Transwell-

Substrates. 

  To better understand asthma pathophysiology, it will be critical to understand the causes 

of the differences between asthmatic and non-asthmatic AECs. My research shows substrate 

stiffness regulates epithelial phenotype, suggesting differences between asthmatic and non-

asthmatic AECs may arise through altered mechanotransduction pathways. My research also 

shows that Transwell-Substrates will be an excellent platform on which these differences can be 

explored. Exploiting pathways upstream of airway obstruction in which AECs sense their 

mechanical environments may yield new and better therapeutic options for asthmatic patients, 

especially severe asthmatics, who have undergone severe airway remodeling and are refractory 

towards currently available medications. Hopefully, this will help mitigate the economic and 

human burden associated with this disease. 
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