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Summary 

 

When attempting to model the human gut, cell culture research has traditionally employed 

a reductionist approach to encapsulate the nuanced behaviours of these cells in situ. 

However, as these studies almost exclusively employ static cell culture methodologies, the 

biological relevance of such research could be disputed, as many of the complex factors that 

influence the ƎǳǘΩǎ behaviour and responsiveness to external stimuli are omitted. From 

host-microbial interactions to dynamic flow, such factors are omnipresent within the gut 

and, in the case of the host microbiome, have been historically proven to induce 

considerable behavioural changes. This thesis aims to examine the impact of both dynamic 

flow ς which is regularly absent from cell culture studies ς and bacteria, specifically 

probiotics, on four intestinal cell lines used commonly within cell culture studies. 

 

By introducing a dynamic flow element to cell culture via the Kirkstall Quasi Vivo® QV500 

milli-fluidic flow-through system, it was hypothesised that an alteration in cellular behaviour 

would be observed, although whether such changes would pose a positive or negative 

influence remained unknown. Following verification of any observed behavioural changes, 

bacteria ς both probiotic and pathogenic ς were introduced to the QV500 to enable co-

exposure of flow and bacteria to cell lines. 

 

Ultimately, this study has concluded that the presence of dynamic flow and the co-culturing 

of cell lines with both flow and bacteria is beneficial for improving current gut 

methodologies. While this study has provided a preliminary insight into the importance of 

flow in modelling the production of pro-inflammatory cytokines from human cells to 

bacterial stimuli, further research is required to optimise flow systems for application in 

wider studies and to overcome the limitations of systems such as the QV500, as this study 

has proposed that flow may be invaluable in furthering the current understanding 

surrounding the gut and its essential factors. 
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1 Introduction 

 

Given the importance of cell culture models in the wider field of gastrointestinal modelling, 

the extensive evolution of cell culture methodologies from 2D to 3D systems over the past 

20 years has proven invaluable in expanding upon existing methodologies where a cell line is 

assessed for its response to a given stimulus through introducing a myriad of biologically 

relevant stimuli. Furthermore, while the combined analysis of probiotic products with cell 

culture has enabled a considerably improved understanding of the effects induced by 

specific strains of bacteria, and artificially combined bacterial consortia found in commercial 

probiotic formulations, the combination of these probiotics and cell lines has led to results 

that on occasion conflict with what is seen in studies conducted on mice, or human impact 

studies. 

 

This thesis seeks to address the impact of a commercially available dynamic flow through 

system on four commonly utilised cell lines, how the response of these cell lines varies 

under flow conditions compared to static conditions, and how the introduction of probiotic 

bacteria influences the cellular response under flow. The aims of the thesis, which will be 

outlined in finer detail in the following chapters, could be broadly stated as testing the 

effect of physiological flow in cell culture, and whether the observed results can be stated as 

providing results that better represents what would be expected in situ, despite the 

limitations inherent in cell lines. 

 

In the following chapter, the key features of cell culture research, cellular parameters, 3D 

cell culture and probiotic research will be outlined, with particular emphasis on how these 

contribute to this study. 
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1.1 Cell culture within research 

 

Cell culture is the scientific practice of utilising human cells to replicate the biological 

response of a specific tissue/cell type following exposure to a given stimulus by controlling 

the physiochemical environment (Philippeos et al. 2012). This method of conducting human 

research generally seeks to exploit the physiological characteristics of cancer, and 

immortalised cells, including their ability to extensively reproduce, due to a reactivated 

telomerase (Blagoev 2009), or artificially manipulated cell lines (Kaur and Dufour 2012) that 

express general characteristics of interest, such as de novo mucin production. Making use of 

these cell lines allows for a high throughput and relatively consistent means of assessing the 

human response to a given stimulus. Primary cell culture is also a commonly employed 

branch of cell culture that utilises a collection of human cells directly cultured from the 

organ or region of interest (Stacey 2006). The use of primary cell lines can provide the 

unique benefit of greater biological accuracy and improved relevancy when compared to 

immortalised cell lines, as primary cells typically express characteristics of their tissue of 

origin (Pastor et al. 2010). However, due to the difficulty in isolating primary cells, and the 

finite number of replication cycles these cells may undertake, most preliminary research will 

revolve around the implementation of readily established immortalised cell lines for 

optimisation prior to the introduction of primary cells. 

 

However, whilst cell culture is considered both highly effective and comparably simple to 

implement (Masters and Stacey 2007), one must consider additional limiting factors when 

designing a cell culture experiment, with particular focus on the cell lines selected and the 

conditions to which the cells are exposed. While cell culture is widely employed, the limited 

comparability of immortalised cells to healthy functionality will inevitably limit the scope of 

the study, requiring the eventual use of primary cell lines ς cells directly extracted from 

biopsies or direct-from-source, and that have yet to undergo a subculturing procedure 

(Geraghty et al. 2014), or ideally the use of methodologies in vivo. Despite this, 

immortalised cell lines provide an invaluable tool, providing considerable insight, upon 

which future research and concepts can be built. 
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1.1.1 Animal modelling and their role in modelling methodologies 

 

While cell culture has proven an invaluable tool in assessing the response of a cell line to a 

given stimulus, animal models have historically provided an effective means of assessing 

both disease development and the physiological response of an organism to a given 

stimulus (Barré-Sinoussi and Montagutelli 2015). One of the greatest benefits to animal 

research is the ability to utilise a varied number of species (Andersen and Winter 2019), 

exploiting the benefits of each in an attempt to circumvent the limitations present within 

different animal model systems. While there are a number of ethical concerns regarding the 

continued implementation of animal models into wide-scale human studies, the application 

of these animal models in attempting to unravel the underlying mechanisms of disease to 

improve disease diagnosis, prognosis and treatment remains an invaluable tool that, at 

present, prevents the total removal of animal models from research due to a lack of a viable 

yet comparable system. 

The most commonly observed species used as part of animal modelling in research is 

Mus musculus, having become ingrained within a number of research fields, ranging from 

psychology to cancer biology. However, the use of mice as a means of predicting the human 

response within these fields is highly contested (Pound et al. 2004), as while animal models 

provide invaluable predictive models, they ultimately lack the human-like response element 

essential for in situ biological relevancy, as much of the data generated does not translate 

when applied to humans. The use of this species has become such common practice, in fact, 

mouse-centric research constitutes an approximate 95% of all current animal-focused 

research (Vandamme 2014).  

 

However, despite the benefits that accompany animal modelling, primarily being that these 

animal systems enable in vivo analysis of a given mechanism or disease state that otherwise 

would remain impossible to assess, they still present a limited means of assessing the 

response of human cells or environments. One of the major limitations of animals within 

research is that these models often lack the insight required to understand the 

human response required to accurately depict the progression of disease or the efficacy of a 

given therapeutic agent in situ. One such example of this is the well documented limitations 
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in drug safety testing. Animal models do not provide sufficient clinical relevance for 

potential drug-related side effects, due to distinct drug metabolism pathways being present 

that will distinguish between species, particularly due to species differences in cytochrome 

P450s that will confer a variable response to drugs between species (Cheung and Gonzalez 

2008), thus limiting the overall reliability of these models.  

 

Furthermore, it must be stated that animal models are a somewhat difficult topic to 

address, as despite the inherent benefits that animal models have provided to research, the 

limitations and emotional and ethical aspects of employing such, the area remains a divisive 

one, both within research communities and beyond. As a result, numerous organisations 

have emerged in an attempt to remedy the issues in animal research, the most prolific of 

which being the NC3R, responsible for furthering the implementation of the now widely 

known Three Rs tenet (Fenwick et al. 2009). 

 

The tenet pertains to the handling and usage of animals within scientific research, with The 

Three Rs title referencing the following guidelines: to Reduce the number of animals used in 

experiments wherever possible, to Refine the methods to limit any undue stress or harm to 

the animals and to Replace animal usage where possible, be that partially or fully depending 

on the method in question (NC3R). Furthermore, the tenet acknowledges the historical and 

present-day importance of animal modelling as an intrinsic aspect of biological research and 

advancement. It is this statement that remains essential and core for those attempting to 

address the goals of the NC3Rs, as it acknowledges that the concept of removing animal 

models from research is not one so easily achieved, and instead alternative methodologies 

might better assist in complimenting animal research, while simultaneously reducing the 

overall reliance on such systems.  

 

It is here, then, that the implementation of cell culture systems has found its niche. By 

providing a means of developing exploratory models that aim to assess the response of cell 

lines to specific stimuli, alternative cell culture systems have become ingrained within 

human research and have presented an attractive means of analysing specific regions of the 

human body, including the gut, the primary focus of this study. In the following section, the 

ǳǎŜ ƻŦ ŎŜƭƭ ƭƛƴŜǎ ŀǎ άƳƻŘŜƭǎέ ƻŦ ǘƘŜ ƘǳƳŀƴ Ǝǳǘ ǿƛƭƭ ōŜ ŜȄǇƭƻǊŜŘΣ ƛƴŎƭǳŘƛƴƎ ŦǳǊǘƘŜǊ ŘŜǘŀils of 
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the essential biological parameters that are becoming ever more ingrained in cell culture 

methodologies. 

 

1.1.2 ¢ƘŜ ǳǎŜ ƻŦ ŎŜƭƭ ŎǳƭǘǳǊŜ ƳƻŘŜƭǎ ŀǎ άƳƻŘŜƭǎέ ƻŦ ǘƘŜ ƘǳƳŀƴ Ǝǳǘ ŜǇƛǘƘŜƭƛǳƳ 

 

Cell lines have played an integral role in assessing the response of human-like cells to 

specific stimuli and in contextualising what might be expected in situΦ hƴŜ ǎǳŎƘ άƳƻŘŜƭέ ƛǎ 

that of the human gut epithelium, a site of considerable interest within this study. The 

ability of cell culture methodologies to replicate complex environments in vitro stems from 

the unique characteristics of these cell lines. As such, there are often a large number of 

available cell lines when designing experiments, and a number of studies that have 

historically employed the use of such cell lines. The four cell lines used in this study, Caco-2, 

HCT116, HT29 and HT29MTX, have each been utilised expansively within cell culture 

research that focuses on the gut, albeit the niche applications of each allow them to provide 

intrinsic benefits that the other cell lines lack. 

 

The Caco-2 cell line is one of the more commonly utilised cell lines in gut-centred research 

thanks to its specific characteristics. Originally sourced from a colorectal adenocarcinoma, 

the cell line expresses an epithelial cell-like physiology, allowing for a niche model of the gut 

(Public Health England 2021a). Characteristics of particular interest expressed by this cell 

line are its unique ability to spontaneously polarise at 14 to 21 days post confluence. This 

polarisation into a clearly defined apical and basolateral orientation has been well 

characterised and can be noted by the formation of tight junctions between adjacent cells 

and the formation of a brush border thanks to the presence of microvilli at the cellular apex 

(Lea 2015a). Unfortunately, the Caco-2 cell line does possess a few select limitations. As this 

cell line requires continuous maintenance over a prolonged period to allow for its 

characteristic polarisation, it can become time and resource intensive. When coupled with 

the reduced expression of the TLR4 membrane receptor (Sodhi et al. 2012), responsible for 

the recognition of the bacterial endotoxin LPS, Caco-2 could be viewed as a cell line that, 

while invaluable under the correct circumstances, should be carefully considered in relation 
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to the experimental setup as opposed to a cell line that is an automatic inclusion within cell 

culture studies. 

 

HCT116 is also a commonly utilised cell line when modelling the gut, isolated originally from 

a colorectal carcinoma (Public Health England 2021b). This cell line, similar to Caco-2, has 

acted as a commonly used epithelial model of the gut, as its source from the colon/rectum 

provides an alternative tissue type in gut modelling. This cell line has a select number of 

unique traits that are beneficial within gut-modelling research ς those being its use as a 

metastasis model (Lee et al. 2014), or its unique niche within 3D-centric cell culture research 

thanks to its ability to form viable spheroids when cultured under the correct environmental 

conditions (Shaheen et al. 2016). Unfortunately, while this cell line possesses a number of 

beneficial traits that cell culture studies might wish to exploit, HCT116 lacks the capacity to 

differentiate, a feature that is highly desirable within cell culture research (Yeung et al. 

2010). As such, while this cell line is flexible in its use and applications, care should be taken 

when selecting this cell line if cellular differentiation is a feature of interest within a given 

study. 

The cell line HT29 has a historic use in cell culture research thanks to the numerous 

biological applications it is capable of performing and shares a number of traits with Caco-2, 

including its site of isolation, that being from a colorectal adenocarcinoma (Public Health 

England 2021c)Φ I¢нфΩǎ ŜȄǘŜƴǎƛǾŜ ǳǎŀƎŜ ƛǎ ǎƻƳŜǿƘŀǘ ǘƛŜŘ to the shared characteristics it has 

with the commonly utilised Caco-2, as this cell line is capable of expressing an altered brush 

border and forming tight junctions when appropriately differentiated. Furthermore, the 

differentiation of this cell line, and its innate potential for differentiating differently if 

exposed to a correct specific agent, has enabled HT29 to carve a niche within cell culture 

alongside Caco-2. However, despite the utility of this cell line, and its expression of its 

biologically relevant brush border-associated hydrolases (Martínez-Maqueda et al. 2015), 

HT29 still lacks the biological relevancy to that seen in situ. Despite this, the functionality 

and extensive use of these cells in vitro makes them an attractive prospect for studies 

aiming to incorporate cell lines into their research. 

Finally, HT29MTX is a cell line unique within the context of those cell lines selected for use in 

this study, as its origin is that of an artificially induced cell line, mutated from a common 
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HT29 cell (Public Health England 2020). The synthesis of this cell line occurred when an 

active culture of HT29 cells were treated with methotrexate, a drug commonly utilised as an 

immunosuppressant and in cancer treatments. Following the mutation process, cells were 

selected according to desirable traits, one of which being increased mucin production 

observed in the HT29MTX cell line. Furthermore, HT29MTX provides an alternative cell 

model to the other cells used in this study, as they mimic goblet cell behaviours as opposed 

to epithelial cells. While this cell line can provide an invaluable model of the gut, particularly 

when combined with the cell line Caco-2 (Chen et al. 2010; Kleiveland 2015), the cell line 

lacks a responsiveness to bacterial endotoxin, similar to that seen with Caco-2, meaning that 

in those experiments that seek to examine the inflammatory potential of a given stimulus, 

this cell line may return a diminished response. 

Ultimately, the selection of cell line is integral to a given study, as the aims and objectives 

should shape the selection of cell lines used. Due to the complexity of the gut, it is 

important that those seeking to assess a gut-like response within cell culture additionally 

understand the physiology of the gut and the parameters that govern it, features that are 

outlined in the following sections. 

 

1.1.2.1 The physiology of the gut 

 

When it comes to modelling the gut, one of the greatest barriers faced by researchers 

comes when aiming to replicate the physiology of the gut in vitro. The gastrointestinal tract 

is a complex collection of biological layers, consisting of multiple layers of tissue, muscle and 

cellular protrusions. 

 

While the outer layers of the GI tract, including the serosa and sub-serosa, are important in 

providing muscular lubrication, aiding in blood flow and providing structural support, it is 

the inner layers, primarily the mucosa and muscular layers, that are of particular interest to 

this study, the reasons for which will be described in the following segment. 

 

The mucosal layer is a blanket term that encapsulates the biological layers within the GI 

tract closest to the luminal space. The three primary layers include the epithelium, the cell 
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layer in direct contact with the contents of the lumen; the lamina propria, a thin layer of 

connective tissue, and a thin layer of muscle. This region is often the site where 

physiological abnormalities manifest, including tumours, both malignant and benign, and 

inflammatory diseases, including CD (Hendrickson et al. 2002).  

The epithelial layer is typically organised into protrusions and form crypts where the mucus 

layer is generated by goblet cells, resulting in an increased surface area. Furthermore, the 

epithelial layer is in continued contact with the mucus layer, which provides an adhesion 

site for the microbial constituents of the gut and provides a protective layer between both 

the luminal contents and the epithelium. Additionally, this is the site most directly impacted 

by external stimuli due to being in direct contact with the contents of the GI tract, which is 

particularly important when considering the rapid cellular turnover rate within this region 

and the organisation of the gut, in which villi and microvilli are prominent features that 

maximise nutrient and water absorption by increasing the surface area within the gut (Kiela 

and Ghishan 2016) 

 

While the behaviour of cells found in this region of the gut is important in understanding the 

behaviour of the gut, as much of the complexity of this region is omitted within a cell culture 

experiment, it is important to consider these features to assess the biological relevance of 

both the experiments in question and the results generated. Finally, while the epithelia are 

essential, particularly within the context of this study, so too is the environmental influence 

afforded to the gut by the muscle layers present within it. With both rounded and straight 

musculature found in the gut, the movement of substances through the GI tract is enabled 

via peristaltic mediated flow, a feature essential for understanding the function of the gut, 

and a factor that will play a key role in this study, despite its often-overlooked nature within 

the confines of modelling methodologies. 

 

1.1.2.2 Biological parameters of the gut 

 

The GI tract could be considered as one of the more complex environments within the 

human body due to the sheer number of physiological and environmental factors 

contributing both to the behaviour and functionality of the gut. Each of these factors could 
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become subject to interference by the interplay that occurs within the host, including 

factors such as water content and pH (Redondo et al. 2015; Hansen et al. 2018), bacterial 

community composition and disease state, among others, and those factors external to the 

host, including general behaviours such as diet (Conlon and Bird 2015) and medication 

habits of the patient (Maier et al. 2018). As such, utilising cell culture as a proxy for 

assessing the cellular response of gut cells, whilst somewhat reductionist by nature, also 

requires that these factors be considered, both to better represent the complex 

environment in situ, and to inform how these parameters are incorporated so as to not 

unintentionally introduce bias. In the following sections, the key parameters of the gut 

considered within this study will be discussed, outlining the roles that these environmental 

factors play in maintaining the general wellbeing of the gut, and their importance in a cell 

culture context. 

 

1.1.2.2.1 The microbiome 

 

A term first defined by Burge in 1988, the human microbiome is one of the largest areas of 

microbial research to have emerged within the past 50 years (Burge 1988). The human 

microbiome could be broadly defined as a distinct yet diverse bacterial community 

inhabiting a specific niche within the human body (Ursell et al. 2012). These bacteria are 

typically symbiotic in nature, conferring benefits to their host in exchange for an exclusive 

suite of host-conferred benefits. These interactions include the breakdown of ingested 

materials, more specifically indigestible sugars and fibre ς often referred to as prebiotics ς 

that can aid in digestion and host health through the release of metabolites (Lustri et al. 

2017). These interactions include the production of chain fatty acids (SCFA), which can be 

used in signalling pathways or as useful metabolites to aid in cellular function by the host. 

Additionally, the constituents ƻŦ ǘƘŜ ƘƻǎǘΩǎ ƳƛŎǊƻōƛƻǘŀ ǇŜǊŦƻǊƳ ŀ ƪŜȅ ǊƻƭŜ ōȅ ǇƘȅǎƛŎŀƭƭȅ 

inhibiting the colonisation of a given niche by pathogenic bacteria through the formation of 

densely populated poly-microbial biofilms and the synthesis of anti-microbial compounds to 

form a biochemical defence barrier (Ubeda et al. 2017). 
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An important facet in further understanding the human microbiome is dysbiosis, a 

controversial facet of microbiome research (Olesen and Alm 2016), but remains a feature 

that cannot be overlooked when assessing the combined effect of the microbiota on host 

health. Dysbiosis is defined as the state where the host microbiome is altered following a 

physical trauma or antibiotic therapy, which results in reduced bacterial diversity and 

simplified species composition within a given niche (Petersen and Round 2014). The 

characteristic simplification of bacterial communities has been observed in some cases as 

resulting in a reduction in host immunity, which can increase susceptibility to a range of 

diseases. 

 

This further emphasises the role of the host microbiome in protecting its host and 

preventing disease development, and how the loss of bacterial diversity can result in the 

development of specific disease states. Interestingly, there has also been much discussion as 

to whether dysbiosis is a cause or effect within certain diseases. IBD, for example, has been 

observed as having a reduced bacterial diversity when compared to healthy patients (Gong 

et al. 2016). However, this reduction in diversity has been noted as often co-occurring with 

an increased host inflammatory response, raising the question of whether dysbiosis is a 

driver for inflammatory diseases, or if these diseases are induced as a by-product of said 

dysbiosis (Buttó and Haller 2016). 

 

Within cell culture studies, much microbial research utilising cell lines sourced from the gut 

has been undertaken to aid in understanding the impact of specific bacteria within a gut 

environment. Due to the nature of cell culture, however, the complexity of the microbiome 

cannot be fully encapsulated using such methods, instead allowing for targeted studies 

examining the impact of bacteria on these cells. Particular interest has been directed 

towards specific probiotic bacteria, including those belonging to the genera Lactobacillus 

and Bifidobacterium and their interactions not only within the cells, but with mucin, another 

key component of the gut that is discussed in greater detail in the following section. 
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1.1.2.2.2 The mucus layer of the gut 

 

The mucus layer within the gut is an important factor to consider when examining cells in 

vitro, as it provides a physiological barrier between the epithelium and luminal content. This 

barrier is composed of a series of high molecular weight glycoproteins referred to as mucins 

(Cornick et al. 2015). Mucins are a set of glycoprotein substances that are carbohydrate-

dominated in their composition (Thornton and Sheehan 2004), whereby a protein core 

dominated by the amino acids proline, serine and threonine tandem repeats, often referred 

to as a PTS-rich, is extensively O-glycosylated (Paone and Cani 2020) to form a unique 

structure which Ƙŀǎ ōŜŜƴ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ŀ άōƻǘǘƭŜ ōǊǳǎƘέ ŎƻƴŦƻǊƳŀǘƛƻƴΦ aǳŎƛƴǎ ƘŀǾŜ ōŜŜƴ 

recorded as providing a multitude of protective functions, ranging from inhibiting the 

establishment of pathogens to immune modulation essential for the health and protection 

of the gut (Cornick et al. 2015). Additionally, the mucin present provides a nutritional source 

and adhesion site for the complex microbial communities that inhabit the gut, enabling the 

formation and establishment of everyƻƴŜΩǎ Ǝǳǘ microbiome (Corfield 2018), further 

enhancing the hostΩs innate defence against pathogens within the GI tract. 

Broadly, mucins can be classified into two unique subgroups, those being transmembrane 

mucins, and gel-forming mucins, which can also be referred to as secreted mucins. While 

gel-forming mucins were the primary focus within this thesis, in the following section, both 

subgroups will be discussed in greater depth. 

 

1.1.2.2.2.1 Transmembrane mucins 

 

Transmembrane mucins are those mucins involved primarily in cell protection, and do not 

contribute to the formation of the mucus barrier (Paone and Cani 2020). The composition of 

these mucins consists of an extracellular N-terminal, a number of mucin domains, and an 

intracellular C-terminal tail. Many of these mucins are upregulated during infection and 

cancer and not via other methods. Within the context of this study, while the mucus barrier 

is something of particular interest, it is important to consider that membrane-bound mucins 

are often retained during staining methodologies as opposed to gel-forming mucins, which 
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are typically difficult to retain. Many common transmembrane mucins are expressed within 

the GI tract, those being MUC1 /3/4/12/13/15/17/20 , and 21 (Paone and Cani 2020). 

 

1.1.2.2.2.2 Gel-forming mucins 

 

Gel-forming mucins are a subset of mucins that are synthesised and secreted by goblet cells 

within the gut (Paone and Cani 2020). These mucins are generally seen in large quantities 

within the gut as they compromise the mucus layer. Three primary gel-forming mucins are 

found within the gut, those being MUC2, 6 and 5B (Grondin et al. 2020). Due to the nature 

of ǘƘŜ ƎǳǘΩǎ ƳǳŎǳǎ ōŀǊǊƛŜǊΣ ŎƻƴǎƛǎǘƛƴƎ ƻŦ ǘǿƻ ƭŀȅŜǊǎ ƻŦ ƳǳŎǳǎΣ ƳǳŎƛƴǎ ŀǊŜ Ŏƻƴǘƛƴǳƻǳǎƭȅ 

synthesised and secreted within the GI tract to best ensure that the epithelial cells are 

protected from direct contact with bacteria that inhabit the gut, or ingested lumina 

contents. As mentioned in section 1.1.2.2.2.1, the difficulty when attempting to monitor the 

production of secreted mucins is the fact that binding mucins for staining or microscopy is a 

difficult challenge, requiring a specific set of binding solutions to prevent loss of the mucins 

of interest. When combined with the addition of a dynamic flow system, such as in this 

study, the challenge of measuring the abundance of secreted mucins is apparent. However, 

as other glycoproteins can be found within the gut, including membrane-bound mucins, it is 

these that are targeted primarily within this thesis, rather than mucins directly, and in turn, 

we can examine how these alternative methodologies can work in tandem with molecular 

based techniques to explore the impact of flow on mucin production. 

 

1.1.2.2.2.3 Using cell culture to assess mucin production 

 

One of the key considerations within a cell culture context is the fact that many commonly 

used cell lines lack the expression of mucins found within the gut, primarily that of MUC2, 

the key component of the mucus barrier (Paone and Cani 2020). Instead, certain cell lines, 

such as HT29MTX, are utilised due to their de novo expression of a common mucin 

subgroup. While mucins such as MUC5AC and MUC5B are typically expressed in the 

stomach (Grondin et al. 2020) and salivary glands respectively (Frenkel and Ribbeck 2015), 
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the expression of these mucins enables cell culture to be used to examine the impact of a 

given stimulus on mucin production in vitro in hopes of applying the findings to an in situ-

like context. It should be stated that these considerations were addressed throughout the 

thesis, and as such, the selected targets for mucin production acknowledges the limitations 

in this methodology. 

 

1.1.2.2.3 pH of the gut 

 

The gut is often subject to external influences, both from within the host and due to by-

products of host behavioural patterns, and this is most apparent when examining the pH of 

the GI tract. To expand further, the gut is also highly complex with regard to its pH 

modulation, with the optimal pH within the gut being region dependent. For example, the 

optimal pH of the small intestine varies somewhat, with the mean pH varying between 6.6 

and 7.5 between the proximal small intestine and the terminal ilium (Evans et al. 1988), and 

these optimal pH profiles are subject to constant flux due to host dietary practices and 

disease states (Nugent et al. 2001). 

Dietary influx, in addition to its nutritional composition, are primary influencers for 

environmental pH within the GI tract, although within the gut the impact is somewhat 

minimised due to the neutralisation of luminal pH within the gut. The importance of an 

ƛƴŘƛǾƛŘǳŀƭΩǎ ŘƛŜǘŀǊȅ Ƙŀōƛǘǎ ƛǎ ƘŀǊŘƭȅ ŀ ƴƻǾŜƭ ŎƻƴŎŜǇǘΣ ƘƻǿŜǾŜǊΣ ǿƛǘƘ ǇƻƻǊ ŘƛŜǘ ƘŀǾƛƴƎ ōŜŜƴ 

associated with numerous diseases ranging from diabetes to obesity (Hu et al. 2001) and 

ǎƻƳŜ ŜǾŜƴ ƭƛƴƪƛƴƎ ǇƻƻǊ ƴǳǘǊƛǘƛƻƴ ǘƻ !ƭȊƘŜƛƳŜǊΩǎ disease (Hu et al. 2013).  

As already alluded to, something that must be considered is the delicate balance between 

beneficial and deleterious substances and micronutrients on the host, as microbial 

composition is heavily dependent on the pH of the gut (Ilhan et al. 2017). Foods whose 

composition includes probiotics, dietary fibre (prebiotics) (Lin et al. 2014) and antioxidants 

(Pizzino et al. 2017) have long since been associated with health benefits to the host. 

A key issue to consider therefore within the confines of this study is the impact of pH in a 

cell culture context. Previous studies have revealed that alterations in ambient pH, resulting 

in either acidic or alkaline conditions can influence cell lines in vitro, limiting cellular 
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functions, or potentially inducing a mild to severe stress response (Li et al. 2020), including 

an instance where the cell line Caco-2 exposed to and acidic environment displayed an 

upregulation of genes relating to endoplasmic reticulum (ER) stress, a key cellular 

component in both pH homeostasis inflammation within IBD (Maeyashiki et al. 2020).  

As such, it could be noted that even minor fluctuations in pH might result in a cellular 

response that might otherwise impact the reliability of the observed data. Furthermore, as 

this study aims to explore the impact of dynamic flow on intestinal cell lines, further 

considerations should be made regarding pH, as through introducing flow, the issues 

identified in 2D cell culture may be further compounded, or mitigated entirely, a theory that 

without additional investigation should be approached with caution. 

 

1.1.2.2.4 The inflammatory response of the gut 

 

The inflammatory response characteristically observed in diseases of the GI tract is a 

complex one to encapsulate fully, as it has been implicated in a large number of disease 

states, both as a symptom and as a contributing factor to disease progression and cancer 

development in patients (Itzkowitz and Yio 2004). While many would be quick to suggest 

that an inflammatory response is negative, it remains an important component of the host 

immune system, limiting the incidence of infection through inducing an inhospitable 

microenvironment for invading pathogens. 

 

The human gut is far from a continuously inflamed microenvironment, however, instead 

providing a system that could be stated as being in a constant state of minor flux when 

faced with a potential antagonistic agent. Due to the rapid passing of luminal contents 

through the GI tract, one could conclude that an inflamed environment could, in part, be 

attributed to the physiological conditions present within the gut, be that externally 

influenced factors such as pH and dietary input (Valdes et al. 2018) or internally influenced 

factors, including the host microbiome and the presence of liquid flow through the GI tract 

(Cremer et al. 2017). When considering the inflammatory response of the gut in situ, how 

then does this compare to what has been observed within cell culture? 
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When examining the inflammatory response of cell culture systems, considerations must be 

given to the experimental model selected for this task and, in particular, the inflammatory 

potential of the selected cell lines. Caco-2, despite its dissemination within the field of 

intestinal cell culture thanks to the distinct physiological characteristics outlined previously, 

comes with a distinct set of limitations that impact its potential as a cell culture tool. The 

most impactful of these limitations, when considering the implications of the study, is the 

poor response of Caco-2 cells to pro-inflammatory stimuli, including LPS, and its diminished 

responsiveness as a result of excessive passaging, and medium composition (Huang et al. 

2003). Caco-нΩǎ ƭŀŎƪ ƻŦ ǊŜǎǇƻƴǎŜ ŦƻƭƭƻǿƛƴƎ ŜȄǇƻǎǳǊŜ ǘƻ ǇǊƻ-inflammatory stimuli has been 

well characterised in many publications, with attention directed at the response, or rather 

the lack of response, from Caco-2 cells following LPS exposure. 

HT29MTX, however, provides an alternative perspective on intestinal response to pro-

inflammatory stimuli. Due the mutation in this cell line promoting the expression of mucin, 

HT29MTX has an additional physiological factor that could influence the ability of a given 

stimulus through the introduction of a physiological mucin barrier, considered to protect the 

Ƙƻǎǘ ŀǎ ŀ άŦƛǊǎǘ ƭƛƴŜ ƻŦ ŘŜŦŜƴŎŜέ in infection (Kim and Khan 2013). However, as has been 

recorded with Caco-2, HT29MTX has also been noted as responding poorly to LPS exposure 

(Böcker et al. 2003); thus, the potential responsiveness of these cell lines to conditioned 

medium may suggest that the metabolic activities of these probiotic bacteria may 

contribute a greater influence on cell behaviour and host health than initially realised. 

Ultimately, the key feature of understanding the response of cell lines to proinflammatory 

stimuli lies in selectivity and understanding the cell lines used within a given context, a 

feature that will further be explored throughout this thesis. 

 

1.1.3 The intrinsic benefits of cell culture 

 

Through exploiting the intrinsic characteristics of cell lines whose origins stem from a 

cancerous origin or from viral manipulation, and combining this with a high throughput 

methodology via the use of multi-well plate systems, it is possible to assess an incredibly 

large number of variables simultaneously, each of which with a large number of biological 
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and technical replicates. The diversity and range of cell lines, origins and traits present 

within cell repositories provides a unique advantage to cell culture methodologies, where 

the European Collection of Authenticated Cell Cultures (ECACC) maintains a collection of 

over 1,100 cell lines from over 45 species (Public Health England 2018), and the American 

Type Culture Collection (ATCC) possesses a repository of nearly 4,000 cell lines from humans 

alone, to say nothing of the other species (ATCC 2019). 

 

One must also consider the intrinsic benefits exclusively conferred by cell lines when 

undertaking cell culture research, including the immortalised nature of these cells. The 

perceived immortality of these cell lines is either due to their origins as cancer cells or 

comes as a result of genetic or viral manipulation, thus gifting these cell lines with the 

potential to propagate extensively, given the correct environmental conditions (Mouriaux et 

al. 2016). While this ability to propagate infinitely can prove as much of a hindrance as it 

does a benefit, cell lines can prove invaluable in rapidly generating large volumes of cells for 

large-scale experiments. Additionally, due to the rapid growth and propagation speed of 

many immortalised cell lines, the invaluable ability to cryopreserve cells provides minimal 

issue, and along with the aforementioned ability to generate large quantities of cells, there 

is a considerably reduced concern regarding revival (Bahari et al. 2018) ς allowing for cell 

maintenance within a given passage range for both short-term and long-term research. 

 

When considering all of these factors, cell culture would, at first glance, appear as an ideal 

prospect for human research. However, there are some inherent drawbacks present in the 

use cell lines, which must be considered both when designing experiments and when 

considering the applicability of results generated through cell culture. 

 

1.1.4 The limitations present within cell culture research 

 

As previously alluded to, the human gut is a highly complex microenvironment, where both 

those physiological factors and environmental conditions present within the host, alongside 

external, behavioural factors contribute significantly to general health and wellbeing of the 

host. However, it is these very factors that limit the overall application of cell culture within 
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research, preventing this methodology from standing as a true potential replacement for 

animal models. Cell culture has typically been performed using 2D methodologies, with little 

consideration for the general physiology of the cells in question, or the considerable 

external impact the microenvironment of the gut contributes in situ. As noted by Knight and 

Przyborski in their 2015 study, cells cultured in two-dimensional cell culture systems, such as 

in multi-well cell culture plates or cell culture inserts, display an altered cellular morphology, 

with cells cultured under these conditions becoming flattened and spread, thus presenting 

an alternative model to that seen in situ, where cells would typically display a three-

dimensional morphology with additional intercellular signalling between different cell types 

(Knight and Przyborski 2015).  

 

These systems are also most commonly mono-cellular in nature, and by ignoring the 

incredible cellular diversity present within the gut, further remove such models from the 

desired environment found in situ. Many findings observed in cell culture systems do little 

to explore the true impact of examining these cells in a vacuum, where excluding those 

factors essential in capturing the complexity of the gut, such as the aforementioned 

dynamic flow, pH and host microbiome, may, in truth, introduce significant bias to such 

studies. Bearing this in mind, it could be said that by omitting these environmental factors 

from cell culture research, we are presented with a far less robust model as a result. 

 

1.1.4.1 The emergence of 3D cell culture and its utility as an in situ-like model 

 

Despite the potential drawbacks addressed in section 1.1.4, it must be stated that great 

strives are being taken to expand current 2D methodologies and evolve conventions 

through accommodating for the limitations inherent within cell culture. Whether it is the 

use of organoid/ spheroid culture, which enable a 3D orientation of cells, the incorporation 

of primary cell lines and tissue samples to assess a more physiologically accurate and 

relevant response, the number and complexity of systems that seek to challenge convention 

and improve current modelling technologies through the incorporation of physiologically 

relevant conditions is ever increasing within research. As such, as these methodologies 

become more commonplace within research and systems become more readily available to 
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research groups, the prospect is that these 3D systems might assist in better representing 

an in situ-like environment, and thus the physiological relevance of generated results. This 

study seeks to further explore this concept through the use of a commercially available milli-

fluidic flow system, and in the following section will outline the wider aspects of 3D cell 

culture, with particular focus on milli-fluidic culture, its benefits and potential limitations. 

 

1.2 What is 3D cell culture? 

 

As mentioned previously, one of the potential limitations of 2D cell culture is the omission 

of biologically relevant parameters and a loss of physiological relevancy compared to what is 

seen in situ. It is therefore logical that methodologies have evolved to account for this, the 

primary of these being 3D cell culture, which can broadly be defined as cell culture that 

allows cells to grow and interact with their environment in a 3D space, using extracellular 

matrices (Huh et al. 2011). The benefits of 3D cell culture has proven so attractive to 

potential investors and researchers that research focusing on 3D cell culture methodologies 

has increased annually between 2001 and 2020 (Figure 1-1). However, while 3D cell culture 

can be considered as focusing on morphological changes at a cellular level, other definitions 

for 3D cell culture exist, in which culture methods incorporates parameters and features 

found within a given microenvironment to better replicate that setting in vitro. In the 

following section, some of these parameters will be further expanded upon, including some 

insight into their importance within the context of this study, and their relation to the gut. 



19 
 

 

Figure 1-1: Total publications with research focusing on 3D cell culture between the years 2000 and 2020. The 
ŀōƻǾŜ ŦƛƎǳǊŜ ǿŀǎ ƎŜƴŜǊŀǘŜŘ ŦǊƻƳ ƳŜǘŀŘŀǘŀ ƎŀǘƘŜǊŜŘ ŦǊƻƳ tǳōaŜŘ ǳǎƛƴƎ ǘƘŜ ǎŜŀǊŎƘ ǘŜǊƳ άо5 ŎŜƭƭ ŎǳƭǘǳǊŜέ 
(https://pubmed.ncbi.nlm.nih.gov/?term=3d+cell+culture&filter=years.2000-2020). [Last Accessed: 28 March 
2021] 

 

1.2.1 Parameters that are used in 3D culture and example systems for incorporating 

them 

 

1.2.1.1 Hypoxia within cell culture 

 

Oxygen availability in cell culture has been explored in detail, due in part to the fact that cell 

culture uses non-biological oxygen concentrations, i.e. normoxia (18.6% ς 21% oxygen) 

(Pavlacky and Polak 2020) to favour simplicity over biological accuracy. However, cells in situ 

are exposed to considerably more hypoxic environments. While the oxygen levels are tissue 

dependent, with some regions receiving significantly less oxygen than others, it is believed 

that approximately 3% ς 5% oxygen is what cells would experience in a typical gut, 

depending on the region examined (Zeitouni et al. 2016).  

Hypoxia-induced factors (HIF) are a subset of genes that regulate the production of 

erythropoietin (Eckardt and Kurtz 2005), in addition to numerous genes involved in cell 

division (Carrera et al. 2014). These genes are typically inactivated at higher oxygen 

https://pubmed.ncbi.nlm.nih.gov/?term=3d+cell+culture&filter=years.2000-2020
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concentrations and yet have been well documented as important moderators of cellular 

behaviour. If this sub-family of genes is inactivated at ambient oxygen levels, such as those 

used in cell culture, it must be asked what other genes or behaviours are being artificially 

altered as a result of this methodology. 

To address this, companies have invested in the development of specific, bespoke hypoxic 

chambers to control the oxygen levels of cell culture. Many of these systems, such as those 

produced by Biospherix, have been designed specifically to fit comfortably in cell culture 

incubators allowing for tightly controlled assays conducted at the optimal temperature. For 

this study, the impact of hypoxia was not considered due to the incompatibility with the 

selected milli-fluidic flow system. However, it remains an important caveat to consider in 3D 

methodologies aiming for improved biological relevancy. 

 

1.2.1.2 Biological pressure within the gut and its application in vitro 

 

Similarly to the aforementioned hypoxia, biological pressure was not a factor that was 

explored within this study; however, it remains an important factor to consider in studies 

examining the impact of such systems. Hydrostatic pressure has been implicated in several 

different cellular behaviours, including differentiation, apoptosis and proliferation (Liu et al. 

2019). Furthermore, hydrostatic pressure varies by region, and requires careful modulation 

in vitro if incorporating into a given study. The impact of even minute changes in pressure, 

as low as 10 mmHg in some instances, has been shown to influence the response of cell 

culture systems, although this topic is a somewhat debated one due to the issue of 

reproducibility (Tworkoski et al. 2018). 

Incorporating hydrostatic pressure is often a result of bespoke equipment designed to 

induce a specific pressurised environment to monitor cell morphological changes and 

variations that may occur as a result of direct cellular expose. However, biological pressure 

is commonly coupled with a biological flow element to induce shear stress within a given 

environment, and it is this aspect that is of greater interest within this study. 
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1.2.1.3 Flow within the gut 

 

CƘŀǊŀŎǘŜǊƛǎƛƴƎ ǘƘŜ ŎƻƴŎŜǇǘ ƻŦ άŦƭƻǿέ ǿƛǘƘƛƴ ǘƘŜ Ǝǳǘ ƛǎ ŀ somewhat complex undertaking, as 

there are different varieties of flow that occur within the gut. While laminar and turbulent 

flow within the gut have been examined in previous studies, in which animal models have 

suggested that the balance of viscous forces and inertial forces will dictate the nature of the 

flow observed (Janssen et al. 2007), peristalsis and subsequent peristaltic mixing of luminal 

contents has been implicated in the general health of an individual by exerting significant 

influence over the microbial composition of the GI tract (Cremer et al. 2016; Arnoldini et al. 

2018). While the function of peristalsis has been well associated with the maintenance of a 

healthy GI tract, the inhibition of peristaltic movement is often noted as resulting in the 

development of a disease phenotype (Bassotti et al. 2014). Peristalsis is of particular 

importance within this study, as the milli-fluidic system introduces a dynamic flow 

environment stimulated by a peristaltic pump mechanism.  

It has been estimated that approximately 1.5 ς 2 L of fluids pass along the luminal surface of 

the gut within any given 24-hour period (Cremer et al. 2017). It could therefore be assumed 

that the luminal surface is always subject to a form of flow, suggesting that continued 

contact of cells with a given substance or molecule for prolonged periods is highly unlikely, 

and thus providing an additional attractive prospect for those considering incorporating 

flow into their cell culture methodologies. With the desire to incorporate flow into cell 

culture, a new field of research emerged ς referred to as fluidics ς that has evolved to 

encompass the key fields of milli-fluidics, micro-fluidics and organ-on-a-chip, all of which 

being discussed in the following sections. 

 

1.2.1.3.1 Fluidic systems 

 

Fluidics is a field that broadly aims to incorporate a biologically relevant liquid flow element 

into cell culture systems through the cycling of cell culture medium through closed systems 

to simulate the flow seen in situ. Often referred to as shear stress flow models, these 

systems are typically developed as bespoke pieces of equipment, either as exclusive tools 
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for individual teams of cell culture researchers or as more accessible products sold by 

companies, allowing for widespread dissemination of dynamic flow within the general cell 

culture research community.  

These systems are incredibly diverse in both their structure and complexity with some 

enabling the use of larger volumes of medium and sample sizes, often being referred to as 

milli-fluidic systems, or bioreactors, due to their larger size (Berger et al. 2018); and micro-

fluidics, which are often considerably smaller in size and scale, allowing assays to be 

performed at the level of single cells in some instances (Luo et al. 2019) while still providing 

a large surface area for stimulation and analysis. Organ-on-a-chip is a further expansion on 

microfluidic technologies in which cells are exposed to a tightly controlled environment 

within the chip that mimics the organ in question from the perspectives of a tissue interface 

and mechanical stimulation (Wu et al. 2020). While both system types allow for flow 

exposure to cells, the function and research prospects vary considerably, examples of which 

will be outlined in the followings section. 

 

1.2.1.3.2 Currently employed fluidic systems 

 

Two recent examples of milli-fluidic systems that have sought to emulate the gut include the 

Quasi Vivo® (QV) range of systems developed by Kirkstall Ltd., and the similarly 

conceptualised bioreactor system presented by Lindner and colleagues (Lindner et al. 2021). 

Both systems  allow for solid, cell-seeded surfaces to be inserted into a reaction chamber for 

exposure to dynamic flow within a closed, inter-connected chamber system (McGinty et al. 

2017), therefore presenting a system that can incorporate both physiological factors and 

human cells into a single system. Both the speed and medium composition in these systems 

can be calibrated and altered by the user, and this system provides a user-friendly and 

relatively inexpensive means of assessing cells under dynamic flow. Additionally, due to the 

extensive hydrodynamic modelling that took place during their development, the QV 

systems ensure that any cells inserted into the Quasi Vivo® reaction chambers will be 

subject to a flow element (Mattei et al. 2014). Most importantly, these systems allow for 

continued use thanks to the ability to clean and reuse them, be that via autoclaving or a 
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more direct cleaning methodology, making it a promising long-term investment. The speed 

settings of the QV range are also fully customisable, and, additionally, speed modulation 

devices are available to enable a given flow speed capable of replicating that seen in most 

regions within the human body, thus making it a robust device with a wide degree of 

potential applications. Due to this level of customisation, coupled with a compact nature, 

the QV range by Kirkstall provides a tempting offer thanks to considerable customisation 

with regard to medium, stimuli and even oxygen levels, given the appropriate available 

equipment and the invaluable multi-use nature as opposed to commonly observed single 

use plastic items, while also being a system that is commercially available, a feature not 

shared by the one used by Lindner and colleagues. 

Micro-fluidic systems, such as the HuMiX system and the Hele-shaw chip, allow for greater 

customisation than their milli-fluidic counterparts. The HuMiX system, a modular micro-

fluidic system, enables the use of three individual layers, custom formulated for a given 

function (Shah et al. 2016). Typically, the system incorporates a microbial layer, a perfusion 

layer and a cell culture layer sandwiched between. This enables the system to tightly control 

the parameters of each layer while allowing for interactions to occur between the cells and 

additional stimuli. Furthermore, these systems allow for real-time monitoring, either via 

fluorescent methods or electrical resistance, thus enabling for long-term studies to be 

performed without the risk of contamination or need for assays that might disrupt the cells. 

Micro-fluidics, while not utilised within this study, present an option far more diverse in 

scope than the milli-fluidic counterparts; however, additional resources and investment is 

required to best utilise these systems. 

 

1.2.1.3.3 The current limitations of 3D fluidic culture 

 

While flow systems possess the potential for improving current research methodologies, 

and present numerous potential benefits for investors, one of the limitations found in 

almost all instances is the comparably small sample size per experimental cycle. To firstly 

consider the Quasi Vivo® range of flow systems yet again, due to their commercial 

availability, these systems typically reduce the quantity of assayable compartments 
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considerably to enable a consistent flow rate and replicable hydrodynamics within the 

confines of each flow chamber (Mazzei et al. 2010; Mattei et al. 2014). In both the QV500 

and QV600 systems, assays are generally limited to the three chambers supplied in each 

commercial kit. While this limits the sample size considerably, this imposes an additional 

burden on those attempting to conduct higher throughput experiments ς thus requiring the 

purchase of multiple system kits and pumps, without which the maximum sample size 

would be fixed at three samples.  

 

As such, the limited sample number per experimental cycle presents a considerable issue for 

those aiming to step into the world of 3D cell culture and adopt its methodologies, as this 

low sample number undermines the greatest advantage of cell culture research, that being 

the high throughput. Despite this, many research teams are now shifting focus towards 

improving upon and counteracting this currently limiting and unappealing caveat of 3D cell 

culture (Astashkina et al. 2012). Another potential issue could be the lack of reusability 

within these systems. Particularly when considering micro-fluidic systems, many of the 

currently available systems that enable analysis at the level of a single cell are offered as 

merely self-contained, single-use materials (Mimetas 2020). While these systems can be 

relatively high throughput, the issue of single use does impose some complications while 

contributing to the already considerable requirement for single-use plastics within cell 

culture methodologies to maintain sterility at all times, as well as incurring a considerable 

and continuous investment of materials into these systems. 

 

1.2.2 The required parameters for emulating the gut in vitro 

 

Ultimately, when attempting to emulate an artificial intestinal system, a few key parameters 

are essential, those being: human derived cells, a shear stress/flow system to induce 

mechanophysical stress, a microbial element to mimic the microbiome and a 3D structural 

substrate (Costa and Ahluwalia 2019). With the exception of a 3D structure, these were core 

parameters in this study aiming to assess the impact of flow and probiotics on human 

epithelial cells. In the following section, as the shear stress/ flow systems and cell culture 

elements have been previously discussed in sections 1.2.1.3 and 1.1.3 respectively, the 



25 
 

importance of probiotic bacteria and their relevancy to this project and gut modelling 

methodologies will be explored. 

 

1.3 Probiotics and their use in cell culture studies 

 

tǊƻōƛƻǘƛŎǎ Ŏŀƴ ōŜ ŘŜŦƛƴŜŘ ŀǎ άƭƛǾŜ ƳƛŎǊƻƻǊƎŀƴƛǎƳǎ ǘƘŀǘΣ ǿƘŜƴ ŀŘƳƛƴƛǎǘŜǊŜŘ ƛƴ ŀŘŜǉǳŀǘŜ 

amounts, confer a health ōŜƴŜŦƛǘ ǘƻ ǘƘŜ Ƙƻǎǘέ (Michael et al. 2021), such as a reduced 

incidence and risk of disease development (Verna and Lucak 2010). One of the most 

fundamental issues currently faced by the probiotic industry is a lack of a distinct 

classification to allow probiotics to become known as either a medicinal product or a health 

supplement. While probiotics have received a number of classifications dependent on the 

region in question, as a health supplement (NHS 2018), a prophylactic (Varankovich et al. 

2015), a functional food (Syngai et al. 2016) or a complimentary medicine (Australian 

Government 1990), they have struggled to receive recognition as a therapeutic due to a 

number of issues. Furthermore, the European Food Safety Authority (EFSA) does not easily 

accept the term probiotics, thus further emphasising the discrepancy in probiotic 

acceptance and uptake between regions (de Simone 2019). 

 

A primary issue facing probiotic producers is that, according to the WHO Collaborating 

Centre, a therapeutic must be classified according to the function of its main active 

ingredient (WHOCC 2018). However, the applications of probiotics have expanded in recent 

years. With certain disease states, such as antibiotic-associated diarrhoea (Draper et al. 

2017), probiotics are more likely to be prescribed by general practitioners as a means of 

lessening the impact of diseases that might otherwise prove fatal. Furthermore, probiotics 

in Australia have received some recognition as a potential therapeutic, and have received 

the classification of complimentary medicines, which can be broadly defined as an agent 

that is often prescribed alongside a conventional treatment and that provides some 

additional ōŜƴŜŦƛǘ ǘƻ ŀ ǇŀǘƛŜƴǘ ǿƘƛƭŜ ŀƭǎƻ άŎƻƴǎƛǎǘƛƴƎ wholly or principally of 1 or more 

designated active ingredients, each of which has a clearly established identity and a 

traditional useέ (Australian Government 2021b). Due to this definition, probiotics classified 
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as complementary medicines in Australia are subject to further scrutiny, and are required to 

adhere to the Therapeutic Goods Act 1989 (Australian Government 2013,2021a). 

 

Furthermore, while the opinions of governments and regulatory bodies is somewhat 

divided, one cannot overlook the sheer financial impact of the probiotic industry. As of 

2018, it was estimated that the worldwide probiotic market was valued at approximately 

49.4 billion USD, with the projected value set to increase to 69.3 billion USD by 2023 

(Markets 2019). As such, the use of alternative models to explore these products may prove 

invaluable.  

 

1.3.1 Commonly used probiotic strains in research 

 

Many lactic acid-producing bacteria, in particular those of the genus Lactobacillus and 

Bifidobacterium, have historically been utilised as probiotic health supplements and play a 

key role in both the health-food industry and the field of food microbiology. The species 

Lactobacillus acidophilus is considered one of the most commonly consumed beneficial 

microbes thanks, in part, to its potential role as a health supplement and wider role in the 

food industry at large (Sanders and Klaenhammer 2001). As of 2020, a number of commonly 

utilised lactobacilli were reclassified, with species Lactobacillus paracasei and Lactobacillus 

salivarius, two probiotic species used extensively within this project being reclassified as 

Lactocaseibacillus paracasei and Ligilactobacillus salivarius respectively (Zheng et al. 2020).  

Furthermore, within a cell culture context, it is important to note that, as cell culture 

research practices use a wide range of immortalised cell lines, these cells are typically 

derived from biopsies extracted from cancer patients. In a study conducted in 2017 by 

Motevaseli and colleagues, it was revealed that numerous Lactobacillus species, including 

L. acidophilus and L. casei, display the potential to exert an anti-cancer effect, impacting 

both the metastatic ability and proliferation of these cell lines (Motevaseli et al. 2017). 

These findings were further validated using other lactobacilli, with significant effects being 

observed in both HeLa and HT29 cell lines ς cell lines that are commonly implemented in cell 

culture research (Nouri et al. 2016). 
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Additional probiotic strains of interest have been identified that are external to the usual 

lactobacilli and bifidobacterial species, particularly within cell culture studies that seek to 

emulate the gut. The bacterial strain E. coli Nissle 1917 has been recorded as being effective 

in combating gastrointestinal inflammation, including inflammation associated with 

ulcerative colitis (Fábrega et al. 2017). However, recent data suggests that this strain is 

effective in combating foodborne illnesses that stem from shigatoxin and lambda phages 

(Bury et al. 2018). Another key example of probiotic bacteria of interest within the gut is 

that of Fecalibacterium prausnitzii. This bacterium is a well-established resident of healthy 

gut microbiomes, and the loss of this bacterium from the gut microbiome has been 

associated with a disease phenotype including those linked to inflammatory disorders 

(Martín et al. 2017). However, much research has revealed that Fecalibacterium prausnitzii 

has the potential to also function as a second-generation probiotic if administered 

adequately, as it has been shown to confer a number of desirable effects, including anti-

inflammatory effects, improved gut barrier function and the production of desirable 

metabolites such as butyrate (He et al. 2021). While these additional probiotics are 

abundant and well examined, within the context of this study, it is the lactic acid bacteria 

that are of greater interest, due in part to the expansive use of the Lab4 and Lab4B 

consortia throughout this study, which are discussed further in the following section. 

 

1.3.2 Lactic acid bacteria and the Lab4 probiotic consortia 

 

A commonly utilised probiotic in both cell culture studies and human intervention studies 

are the Lab4 range of products developed by Cultech Ltd. Lab4 probiotics contain four 

unique strains of lactic acid bacteria (LAB), consisting of two Lactobacillus strains and two 

Bifidobacterium strains (Smith et al. 2016). Subsequent formulations have been developed 

by expanding upon the Lab4 groundwork, enabling the development of products and 

formulations that are suitable for adults, children and babies, including the commonly used 

Lab4B, where the two strains of Lactobacillus present in the Lab4 formulation are 

substituted for two unique strains of Lactobacillus. 
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Despite the varied consensus by some regarding the efficacy of probiotics, the Lab4 range 

has established a solid foundation of research since its inception showcasing the potential 

benefits and impact that probiotics can exert within a biological system, both in research 

and, more specifically, human intervention studies. Those human intervention studies 

conducted on patients suffering with gastrointestinal syndromes, such as IBS, have shown 

that patients experience considerable improvements when ingesting the Lab4 probiotics, 

with the symptoms experienced by those patients being noted as improving (Williams et al. 

2009), a trend that has been seen in other studies conducted using different probiotic 

formulations to the Lab4 consortium (Dale et al. 2019). Furthermore, the Lab4 and Lab4B 

formulations have shown to impact the general wellbeing of an individual and have the 

potential to modulate key factors in the development of disease states, including 

cholesterol transport and assimilation (Michael et al. 2017), which play a key role in 

cardiovascular disease. 

 

While the studies conducted utilising the Lab4 and Lab4B probiotics are varied in range and 

scope, often utilising both live probiotic- and conditioned medium-based approaches, the 

number of studies conducted utilising these products, and the efficacy of these products in 

said studies, showcases the promise of Lab4 in alternative modelling methodologies, such as 

those using flow. 

 

1.4 General aims of the study 

 

To re-iterate the key points outlined above, cell culture systems have provided an impactful 

alternative to animal models; however, these systems present their own suite of limitations 

that 3D culture seeks to address. This study aims to investigate whether the inclusion of 3D 

culture methodologies in the form of milli-fluidic flow can address the limitations of 2D 

culture, to provide an environment that better represents that seen in situ via the 

hybridisation of cell culture with a physiologically relevant flow element.  
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This study will further aim to explore the impact and efficacy of probiotic products within 

cell culture research. Additionally, this study will begin by exploring the similarities and 

differences observed in four commonly used intestinal cell lines (Caco-2, HT29, HT29MTX 

and HCT116) when exposed to various experimental conditions, thus assessing the 

comparability of results observed within distinct cell lines and whether current methods of 

selecting cell lines for experiments translate well or poorly under physiologically relevant 

conditions, including that of flow, which will be an omnipresent factor within this study 
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2 Materials and methods 

 

2.1 Human gut epithelial cell lines selected for the study 

 

Four commonly utilised human intestinal cell lines were selected for the initial study: 

Caco-2, HT29, HT29MTX and HCT116. These cell lines were selected from among commonly 

utilised cell lines due to their unique characteristics and status among human intestinal cell 

line studies. The characteristics, origins and notable functions of these four cell lines are 

noted in Table 2-1 below. All cell lines used in the study were provided by Cultech Ltd. (Port 

Talbot, UK). Each of the cell lines used in this study was maintained within a 15-passage 

range, as also noted in Table 2-1, to limit the impact of passage number on the overall 

study.  

 

Table 2-1: Information regarding cell lines selected for study. All cell lines were maintained in 5% CO2 conditions 
at 37 °C within a humidified incubator. All information was gathered from ATCC and Public Health England 
culture collection databases. 

Cell line Medium Origin Notable 
characteristics 

Passage 
range 

Caco-2  DMEM  72-year-old Caucasian male, 
isolated from primary colonic 
tumour  

Spontaneous 
polarisation, 
formation of tight 
junctions  

55 ς 70  

HCT116  DMEM  Male, isolated from a colonic 
carcinoma  

Used in metastasis 
models and for 3D 
cell culture 

19 ς 34  

HT29  McCoys5A  44-year-old Caucasian female, 
isolated from a primary tumour 

Capable of forming 
tight junctions and 
an altered brush 
border 

77 ς 92 

HT29MTX  5a9aκaŎ/ƻȅΩǎ р!  HT29 (treated with 

methotrexate and 

phenotypically selected for 

mucin-secreting properties 

(Lesuffleur et al. 1990))  

Mucin producing  66 ς 81  
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2.2 Cell culture maintenance 

 

2.2.1 Medium preparation and selection 

 

Two cell culture medium preparations were used throughout the study: a general growth 

medium and an experimental medium (Table 2-2). The cell culture medium bases used 

during the study ς ǘƘƻǎŜ ōŜƛƴƎ ƘƛƎƘ ƎƭǳŎƻǎŜ 5ǳƭōŜŎŎƻΩǎ ƳƻŘƛŦƛŜŘ ŜŀƎƭŜ ƳŜŘƛǳƳ ό5a9aύ ŀƴŘ 

aŎ/ƻȅΩǎ р! ƳŜŘƛǳƳ ς were selected in accordance with guidelines outlined on The 

European Collection of Authenticated Cell Cultures (ECACC) and American Type Culture 

Collection (ATCC) online databases for each individual cell line. 

 

Table 2-2: Experimental medium preparations 

Medium 
type/purpose  

Components  

Growth medium Base medium (hƛƎƘ ƎƭǳŎƻǎŜ 5a9a ƻǊ aŎ/ƻȅΩǎ р!ύΣ мл҈ C.{Σ м҈ non-essential 
amino acids (NEAA), 1% Penicillin/Streptomycin (P/S) 

Experimental medium  Base medium, 1% NEAA, 1% HEPES buffer  
  

 

Foetal bovine serum (FBS) and penicillin/streptomycin (10,000 units/mL) solutions (Sigma 

Aldrich, Poole, UK) were aliquoted and stored at -20 °C. Both the penicillin/streptomycin 

and FBS were thawed out prior to medium preparation using a water bath set to 37 °C. A 

fresh medium stock was prepared weekly throughout the study to ensure continued sterility 

of culture medium and to limit the introduction of any potential contaminants. 

 

2.2.2 Cultivating human cells from frozen stock 

 

Frozen cell stocks were utilised to maintain a constant stock of available cells throughout 

the course of the study, where cells were stored at -80 °C in a 1:10 dimethyl sulphoxide 

(DMSO)/FBS mixed solution. Cells were initially frozen at -20 °C for 24 hours in cotton wool 
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and blue roll before being transferred to -80 °C to limit the formation of ice crystals that 

might otherwise compromise cellular integrity.  

 

Cells were revived from frozen as necessary and by rapidly thawing in a water bath set to 37 

°C, following which cells were re-suspended in the appropriate cell culture medium for a 

given cell line before centrifugation at 262 rcf for 5 minutes at 21 °C to form a cell culture 

pellet. Cells were re-suspended using 10 mL of fresh cell culture growth medium, which was 

transferred to T25 flasks fitted with a filter cap (Greiner Bio One, UK).  

 

Cell culture vessels were stored in a 37 °C, 5% CO2, BINDER C 170 humidified incubator 

(Binder Inc., USA) with a relative humidity of 90 ς 95% for the duration of the study in order 

to maintain optimal cell culture conditions. These cultures were visually inspected using the 

Wǳ[Lϰ Br cell monitoring system (NanoEnTek, Seoul, Korea) 24 hours post revival to ensure 

cell adherence. If adherent cells were observed, the cell culture medium was replaced with 

10 mL of the appropriate cell culture medium, and the cell culture vessel returned to the 

incubator. In instances where cells were non-adherent at the 24-hour timepoint, the flask 

was returned to the incubator and allowed a further 48 hours to adhere, with adherence 

monitored at 24-hour intervals. If cultures remained non-adherent after this time, a fresh 

frozen culture was established following the above procedure, and the non-adherent 

culture would be observed daily for one week, following which the culture would be 

discarded if no adherent cells could be observed when using the JuLLϰ Br system. 

 

2.3 LƴƛǘƛŀƭƛǎƛƴƎ ǘƘŜ Wǳ[Lϰ .Ǌ ǎȅǎǘŜƳ 

 

Lƴ ŀƭƭ ƛƴǎǘŀƴŎŜǎ ǿƘŜǊŜ ǘƘŜ Wǳ[Lϰ .Ǌ ǎȅǎǘŜƳ ǿŀǎ ǳǘƛƭƛǎŜŘ, it was required that the system 

software be initialised. In each instance, a flask or multi-well plate was placed on the camera 

stage surface. A system image focus was performed prior to each assay, using the autofocus 

function, where the system software would automatically adjust white balance, brightness 

and focus to monitor cell confluence optimally and accurately. 
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2.3.1 Measuring the percentage confluence of a sample 

 

When attempting to monitor confluence, a cell culture vessel was placed on the camera of 

ǘƘŜ Wǳ[Lϰ .Ǌ ŎŜƭƭ ƳƻƴƛǘƻǊƛƴƎ ǎȅǎǘŜƳ and, on the Focus tab of the system, the confluence 

command was selected. Following this step, the system would return a confluence 

percentage for a given field of view. This process was repeated for three areas of a given cell 

culture vessel to ensure comparable confluence throughout, and values averaged. 

 

2.3.2 Live cell monitoring using the Wǳ[Lϰ .Ǌ 

 

The detachable camera stage was sterilised via cleaning with 70% w/v ethanol prepared 

using deionised water (dH2O) before being transferred into the BINDER CO2 incubator. The 

cell culture vessel of interest was placed upon the detachable camera stage in the incubator, 

and the incubator was sealed. A system focus was performed in the manner outlined in 

section 2.3.1, and ǘƘŜ άƳƻƴƛǘƻǊƛƴƎέ ǎƻŦǘǿŀǊŜ ŀŎŎŜǎǎŜŘ ƻƴ ǘƘŜ Ƴŀƛƴ ǎȅǎǘŜƳΦ aƻƴƛǘƻǊƛƴƎ 

parameters were set to capture an image and record the confluence at 5-minute intervals 

for a desired duration. The CO2 ƛƴŎǳōŀǘƻǊ ŎƻƴǘŀƛƴƛƴƎ ǘƘŜ Wǳ[Lϰ .Ǌ ŎŀƳŜǊŀ ŀƴŘ ǎŀƳǇƭŜ ƻŦ 

interest was sealed for the duration of the monitoring procedure to ensure that no 

accidental movement of the cell culture vessel occurred that may otherwise impede the 

monitoring. 

 

2.4 Maintaining and preserving cell samples 

 

Cell culture medium was changed regularly at 2 ς 3-day intervals or if the phenol red 

indicator present in all cell culture media became orange or yellow in colour, 

thus indicating an acidic environment. Any cell culture medium removed from cells was 

treated with Virkonϰ solution prior to discarding.  

 

Fresh cell culture medium was warmed to 37 °C in a water bath prior to use and transferred 

aseptically from the cell culture vessel to the actively growing cells using a pipette boy and 



34 
 

serological pipettes, taking care that the cell monolayer remained undisturbed. Should the 

cell monolayer become dislodged, cells were resuspended in cell culture medium by 

pipetting up and down using a sterile serological pipette and centrifuged at 262 rcf for 

5 minutes at 21 °C to reform a pellet. Cells were re-plated in an appropriate T25 or T75 cell 

culture vessel with fresh cell culture medium and returned to the CO2 incubator to adhere 

for 48 hours. If no adherent cells were observable following this period, a fresh cell stock 

was started from a frozen vial of cells and the non-adherent cells discarded. 

 

2.4.1 Continued maintenance of cell lines via sub-culturing 

 

Cell confluence was monitored daily using the JuLIϰ Br cell imaging system (NanoEnTek, 

Seoul, Korea). Cells were sub-cultured when confluence was observed as occupying an 

average of ōŜǘǿŜŜƴ тр ς 90% of ǘƘŜ ŎǳƭǘǳǊŜ ŦƭŀǎƪΩǎ ǎǳǊŦŀŎŜ ŀǊŜŀ as noted by 

three JuLIϰ .Ǌsystem confluence reads from different areas of the cell culture vessel.  

 

During the sub-culturing procedure, expended cell culture medium was removed using a 

sterile serological pipette and discarded. The confluent monolayers were rinsed with 

5ǳƭōŜŎŎƻΩǎ tƘƻǎǇƘŀǘŜ .ǳŦŦŜǊŜŘ {ŀƭƛƴŜ (dPBS) (Merck, UK) that had been warmed in a water 

bath set to 37 °C to ensure that any remnants of the DMEM and FBS were removed, before 

being treated with a 0.25% v/v trypsin/EDTA solution to promote detachment. 

Trypsin/EDTA-treated cells were returned to the humidified CO2 incubator to allow for cell 

detachment and, following a 5-minute incubation period, cell detachment would be 

observed via the use of the JuLIϰ Br cell-imaging software. In cases where cells remained 

adherent, flasks were gently tapped against the palm of the hand, if necessary, to aid in 

detachment. Warmed cell culture growth medium was added to the cell suspension to 

neutralise the trypsin, prior to centrifugation at 262 rcf for 5 minutes at 21 °C to re-form a 

pellet, and expended cell culture medium was discarded while ensuring that the pellet 

remain undisturbed. Cell pellets were re-suspended in an appropriate volume of cell culture 

growth medium before being transferred to a trio of T75 cell culture vessels. If sub-culturing 

from a T25 flask, a single T75 flask would be generated during the sub-culturing procedure, 

whereas subsequent sub-culturing procedures would proceed as noted above. 
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2.5 Using and maintaining the Muse® cell analyser apparatus 

 

In order to ensure the apparatus remained operational, regular cleaning cycles were 

ǊŜǉǳƛǊŜŘ ŀƴŘ ǇŜǊŦƻǊƳŜŘ ƛƴ ŀŎŎƻǊŘŀƴŎŜ ǿƛǘƘ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƎǳƛŘŀƴŎŜ ƴƻǘŜǎΦ The 

manufacturer-provided Guava® instrument cleaning solution was utilised every 14 days to 

ensure the sterility of the apparatus during experiments, where the manufacturer-supplied 

cleaning solution would be loaded into a sterile, non-lidded 1.5 mL microcentrifuge tube, 

which in turn was loaded into the Muse® system. ¢ƘŜ άǎȅǎǘŜƳ ŎƭŜŀƴέ ƻǇǘƛƻƴ ǿŀǎ ǎŜƭŜŎǘŜŘ 

from the system menu, where the system would be subjected to a system flush, whereby 

the cleaning solution would be passed through the internal tubing and flushed into the 

waste receptor to remove any trace particles, residual dye solution or other potential 

contaminants from the system. A subsequent άǉǳƛŎƪ rinseέ cycle with sterile dH2O was also 

required to remove remaining traces of the cleaning solution and avoid damage to the 

internal mechanisms as a result of prolonged exposure to the cleaning solution.  

 

A dH2O quick rinse was performed prior to and following each experiment to ensure that 

ǘƘŜ ǎȅǎǘŜƳΩǎ ǇƛǇŜǎ ǊŜƳŀƛƴed obstruction free and that no particulates remained as a 

contaminant in the system, while additionally providing the function of preventing the 

Muse® system from drying out. 

 

Manufacturer-supplied system check beads were also used at regular intervals to calibrate 

the system and ensure the systemΩs internal scanners remained accurate and operational 

during the course of the study, further strengthening the reliability of the assays. 
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2.6 Preparing cells for use in experiments 

 

2.6.1 Analysing cellular viability and cell health using the Muse® cell analyser 

 

To prepare cells for downstream experimental challenging and conditional exposure, 

confluent T75 (75 cm3) cell culture flasks were treated with a 0.25% v/v trypsin/EDTA 

solution and pelleted using the same method as outlined in the sub-culturing protocol seen 

in section 2.4.1. Cell numbers were estimated utilising the Muse® cell count and viability 

reagent kit and Muse® ŎŜƭƭ ŀƴŀƭȅǎŜǊ ǎȅǎǘŜƳ ŦƻƭƭƻǿƛƴƎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭ ŦƻǊ ōƻǘƘ 

(Luminex, USA). 

 

Cells were initially treated with a 0.25% v/v trypsin/EDTA solution and pelleted following the 

methodology outlined in section 2.4.1. Cell pellets were resuspended using a supplemented 

DMEM, ensuring the pellet was resuspended fully prior to staining. To a fresh Muse® 

compatible microcentrifuge tube, 450 µL of the Muse® cell count and viability reagent was 

added, in addition to 50 µL of the cell suspension. The cell suspension and staining solution 

were mixed via gentle pipetting and allowed to rest at room temperature for 5 minutes to 

allow for staining to occur. Following the staining period, the solution was pipetted gently to 

ensure that cells remained in suspension. The unused cell suspension was transferred to a 

37 °C incubator for the duration of the staining protocol to ensure cells remained viable. 

 

Prior to performing the cell count, a system check and capillary rinse were performed, 

ensuring that no blockage was present within the Muse® system. Utilising the preinstalled 

software, a total count and viability assay was selected and experimental parameters 

maintained at the pre-set values for both the άViability vs Cell Size Indexέ and άViability vs 

Nucleated Cellsέ plots. The cell count and viability reagent treated sample was loaded into 

the system and the assay performed by selecting the appropriate assay and following the 

on-screen instructions noted on the Muse® system. In instances where the cell number 

(count) was low in the assessed suspension, as noted by the system timing out, a secondary 

dilution was performed at a dye-to-cell suspension ratio of 1:1.  
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Upon successful acquisition of a total viable cell count, a system readout was generated that 

would disclose the viable cells per mL, viability percentage and total cells per mL. The above 

assay was repeated three times for each cell sample, and the average values across all three 

reads was used. A sample was deemed fit for use in experiments where the viability 

percentage was noted as being 65% or higher across all three experimental reads, and when 

the total cell number was above 1.5 × 104 viable cells/mL. If either of these prerequisites 

was not achieved, the sample was discarded and not utilised in any downstream application. 

 

2.6.2 Seeding coverslips with intestinal cell lines 

 

Cell suspensions were diluted to 1.5 ς 2 × 104 viable cells/mL working concentration, and 

this suspension was transferred to 24-well plates, with each well containing a 13 mm glass 

coverslip (Pyramid, USA). Cell-seeded coverslips were transferred to a humidified CO2 

incubator for an overnight incubation at 37 °C in 5% CO2.  

  

Coverslips were visualised using both light microscopy and the JuLIϰ Br system to ensure 

the presence of adherent cells on individual coverslips to monitor cell growth and 

adherence. Coverslips observed as having adherent cells were transferred to a fresh 24-well 

plate, where 1 mL of fresh medium was added to each well prior to coverslip transferral to 

limit cell loss and maximise the number of adherent cells. 

 

The coverslips were re-visualised using the Wǳ[Lϰ .Ǌ ƛƳŀƎƛƴƎ ǎȅǎǘŜƳ, following the transfer 

of coverslips to a fresh 24-well plate to re-affirm the presence of adherent cells. These 

coverslips were returned to the CO2 incubator and monitored daily via light microscopy. The 

cell culture medium was changed at two-day intervals until each coverslip was observed as 

having grown to confluence.  

 

Caco-2 cells were allowed to differentiate for 21 days prior to experimental use to allow for 

the characteristic differentiation observed in the Caco-2 cell line to occur. All other cell lines 

were monitored as above and were experimentally challenged immediately when observed 

to be at 100% confluence. 
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2.7 Processing and assembly of the Kirkstall QV500 system 

 

The QV500 system was not pre-assembled for use out of the box. As such, assembly was 

required for the system, as noted in the following section. 

 

2.7.1 Components of the QV500 system and pre-processing required prior to assembly 

 

The QV500 system starter kit included the following items for use in assembling the system: 

one media reservoir; three QV500 experimental chambers; 1.6 mm and 2.4 mm tubing; luer 

locks in both a male and female configuration, with one set of male/female luer locks per 

tubing diameter. Each item in the starter kit was individually packaged ensuring that each 

piece of equipment was sterile upon initial assembly. However, the tubing and luer locks 

were packaged together in bulk. 

 

To each tubing segment required for assembling the complete QV500 system, a male and 

female luer lock was added to each end and, to ensure the sterility of both the luer locks 

and tubing, these assembled tubing segments were placed into autoclavable vessels. These 

vessels were autoclaved to sterilise the tubing and allowed to cool prior to assembly. 

 

Manifold tubing was provided with the Parker QV-PF22X0103 Dual-Head Polyflex Peristaltic 

Pumps used in the study and, as such, was absent from the QV500 starter kits. This section 

of tubing was sterilised by submerging in 70% v/v ethanol for 2 hours followed by 3 washes 

in sterile PBS to remove any traces of the ethanol that may prove detrimental to the 

longevity of the system or the cells incubated therein. Manifold tubing was air-dried in a 

laminar flow cabinet prior to assembly.  

 

Due to the proximity of the manifold tubing to the peristaltic pump mechanism, this tubing 

was regularly monitored after each use to ensure the system remained operational and 

uncompromised during experimental challenging. 
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2.7.2 Assembling the QV500 system 

 

The QV500 systems were assembled under sterile conditions in accordance with the 

assembly instructions provided by the manufacturer and can be seen in Figure 2-1.  

Each QV500 starter kit was provided with two sizes of specialised tubing, with an internal 

ŘƛŀƳŜǘŜǊ ƻŦ мκмсέ ŀƴŘ оκонέ ǊŜǎǇŜŎǘƛǾŜƭȅΦ ¢ƻ ŎƻƴǎǘǊǳŎǘ ǘƘŜ v±рллΣ ŀǇǇǊƻǇǊƛŀǘŜƭȅ ǎƛȊŜŘ ƭǳŜǊ 

locks were added to a single piece of оκонέ ǘǳōƛƴƎΣ ǿƛǘƘ ŀ ƳŀƭŜ ŀƴŘ ŦŜƳŀƭŜ ƭǳŜǊ Ǉƭaced at 

either end of a given piece of specialised tubing. This process was also conducted for two 

ǇƛŜŎŜǎ ƻŦ мκмсέ ǘǳōƛƴƎ; however, only a male or a female luer was added to each piece of 

tubing, leaving the other side luer free.  

 

To the lid of the media reservoir bottle, a 0.2 µm air filter was fitted to the corresponding 

pre-fitted luer, as noted by a blue colouration. Tƻ ǘƘŜ мκмсέ sized pre-installed tubing 

connected to the reservoir bottle, a section of мκмсέ ǘǳōƛƴƎ ǿŀǎ ŀǘǘŀŎƘŜŘ ǳǎƛƴƎ ǘƘŜ 

appropriate luer configuration. To the end of the tubing that lacked a luer, the above noted 

manifold tubing was attached, ŀƴŘ ǘƘƛǎ ǿŀǎ ǊŜǇŜŀǘŜŘ ŦƻǊ ǘƘŜ ŀŘŘƛǘƛƻƴŀƭ ǇƛŜŎŜ ƻŦ мκмсέ 

ǘǳōƛƴƎΦ .ƻǘƘ ǘƘŜ мκмсέ ŀƴŘ оκонέ ǘǳōƛƴƎ was attached together using the appropriate luers, 

ŀƴŘ ǘƘŜ оκонέ ǘǳōƛƴƎ ǿŀǎ ŀŘŘƛǘƛƻƴŀƭƭȅ ŀǘǘŀŎƘŜŘ ǘƻ ǘƘŜ мκмсέ ǘǳōƛƴƎ ŀǘǘŀŎƘŜŘ ǘƻ ǘƘŜ ŦƛǊǎǘ 

experimental chamber, where all three chambers were attached in sequence. Finally, the 

мκмсέ ǘǳōƛƴƎ ŀǘǘŀŎƘŜŘ ǘƻ ǘƘŜ Ŧƛƴŀƭ ŎƘŀƳōŜǊ ƛƴ ǘƘŜ ǎŜǉǳŜƴŎŜ ǿŀǎ ŀǘǘŀŎƘŜŘ ǘƻ ǘƘŜ media 

reservoir using the luer locks and the circuit completed.  

 

To ensure the system was correctly assembled, a 15 mL volume of sterile water was cycled 

through the system at room temperature to monitor for leaks or structural instabilities prior 

to use. If systems were deemed to be structurally sound, the assembled QV500 systems 

were subjected to an additional sterilisation protocol prior to use as noted in section 2.7.4. 
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Figure 2-1: Assembled QV500 system attached to a twin mechanism pump. The pictured QV500 system is 
complete with three experimental chambers, a single medium reservoir, and is filled with cell culture medium. 
A) QV500 experimental chamber, disassembled. Chambers are composed of two interlocking silicone halves 
that, when interlocked, provide a gas-permeable, water-tight seal, protecting samples from external influence. 
Up to three experimental chambers can be used in sequence per experimental cycle. 
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2.7.3 Calibrating the QV500 system flow rates and synchronising systems for future 

experiments 

 

An initial calibration of the QV500 systems was performed upon first assembly and every 

6 months subsequently to ensure flow rates remained constant throughout the study. 

 

Firstly, the fully constructed QV500 systems were connected to a pump and their media 

reservoirs filled with sterile PBS. A set of empty weighing vessels were weighed, and their 

weight recorded. 

 

The pumps were set to full speed to allow the PBS to rapidly fill every section of tubing and 

every experimental chamber. Once filled with PBS, the final section of tubing responsible for 

returning the PBS to the reservoir bottle was removed, and the tubing connected to the 

final experimental chamber was placed into one of the weighing vessels. The system was 

run for one minute at full speed, at which time the pumps were stopped, the weight of the 

filled weighing vessel measured, and the process repeated a further two times, totalling 

three runs in all. After each run cycle, the expended PBS was replaced to ensure the systems 

would not exhaust their supply of PBS. This process was repeated for each speed setting on 

the pump ranging from 1 ς 10 (maximum speed), and the weights were measured. 

 

The acquired volume of liquid per run was utilised to generate a standard curve expressing 

µL/min, an example of which can be seen in Figure 2-2. The process noted above was 

repeated for each QV500 system and a standard curve generated for each. Following the 

successful generation of a standard curve, each system was assigned an identifier and the 

speed settings standardised for each system to ensure approximately equal flow speeds to 

eliminate any potential sources of variation in the study, and ensure the desired flow rate of 

1.5 ς 2 L/day was achieved in all instances. 

 

Additional calibration cycles were performed in instances where tubing was replaced, be 

that due to a technical fault or as a result of general maintenance, in order to ensure the 

replaced tubing did not affect the flow rate of the system in downstream applications. 
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Figure 2-2: Example calibration curve for a single QV500 system generated from three experimental cycles. 
Maximum speed recorded from a QV500 system was 1.2033 mL/min. The highest speed settings were utilised 
on every pump system, as it was at this speed where all QV500 systems showed the desired flow rate decided 
for this project (1.5 ς 2 L/day). 

 

2.7.4 Preparing the QV500 system for experiments 

 

The QV500 systems would receive an internal wash with a 70% v/v ethanol solution in dH2O 

prior to each experimental cycle. This solution would be loaded into the media reservoir and 

cycled through the system for 2 hours at room temperature to remove any trace 

particulates. The system flow would then be reversed, with the spent ethanol returning to 

the media reservoir to be discarded.   

 

A second wash cycle was subsequently performed using a 10% v/v penicillin/streptomycin 

solution (pre-mixed and supplied by Sigma Aldrich) in dPBS for 24 hours at room 

temperature to eradicate any potential contaminating bacteria from the system. The 

antibiotic solution was also drained from the system and discarded in the same manner as 

the ethanol solution.  

 

Following this, a non-supplemented cell culture medium ς either high glucose DMEM or 

McCoyΩs 5A ς was passed through the system to remove any traces of ethanol and 

antibiotic and prolong the lifespan of the QV500 systems by limiting degradation. If 
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additional sterilisation was required, the QV500 systems were first 24-hour cleaned as 

outlined above, prior to autoclaving, and finally subjected to an additional cleaning cycle. 

 

2.7.5 Maintaining the QV500 systems 

 

Once monthly, the QV500 would be cleaned internally following the same protocol as 

outlined above in section 2.7.4, with an ethanol pre-wash followed by a prolonged 

penicillin-streptomycin clean. An additional secondary 2-hour wash cycle using a 10% v/v 

amphotericin B solution in PBS was also performed to remove any fungal contaminants.  

 

Following this, the QV500 systems were drained and disassembled before being submerged 

in a Virkonϰ cleaning solution for 10 minutes to perform a deep clean. Each component 

would then be removed from the Virkonϰ solution and submerged in sterile water to 

remove traces of the VirkonϰΣ preventing lasting damage to the QV500 system. 

Following the Virkonϰ clean cycle, the systems were reassembled and a final, non-

supplemented, high glucose DMEM was flushed through the system to remove any residual 

traces of Virkonϰ. 

 

The systems were drained, and experimental chambers inspected visually to check for any 

remaining residue from experiments. In instances where residue was observed, the system 

would receive a manual clean before being placed into a large autoclavable vessel and 

autoclavedΦ /ƭŜŀƴŜŘ ǎȅǎǘŜƳǎ ǿŜǊŜ ǎǘƻǊŜŘ ƛƴ Ŧǳƭƭ ŀŎŎƻǊŘŀƴŎŜ ǿƛǘƘ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƎǳƛŘŀƴŎŜ 

as per the manufacturer-supplied instructions. 

 

2.8 Experimental setup  

 

Prior to use in experiments, coverslips firstly must have been observed as having a confluent 

monolayer in the case of intestinal cell lines HCT116, HT29MTX and HT29 ǳǎƛƴƎ ǘƘŜ Wǳ[Lϰ Br. 

In the case of Caco-2, as noted above, 21 additional days from confluence must have passed 
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to have ensured spontaneous differentiation and formation of the characteristic tight 

ƧǳƴŎǘƛƻƴǎ ŀƴŘ ƳƛŎǊƻǾƛƭƭƛ ŀǘ ǘƘŜ ŎŜƭƭǎΩ ŀǇƛŎŀƭ ǎǳǊŦŀŎŜs. 

 

Coverslips were transferred to one of the three conditional exposure vessels: a 24-well plate 

for 1 mL static exposure, a petri dish for 15 mL static exposure or the QV500 dynamic 

flow-through system for 15 mL flow exposure, using metal tweezers sterilised with 70% v/v 

ethanol. 

 

To both the 15 mL static and QV500 flow systems, 3 coverslips were added to enable direct 

comparison between the equivalent volume assays. To each system, an appropriate volume 

of experimental cell culture medium was added, and the vessels returned to a humidified 

CO2 incubator for the duration of the assay.  

 

In instances where additives, conditioned medium or bacteria were added, a non-

supplemented cell culture medium was selected as opposed to the experimental 

supplemented medium noted in Table 2-2. 

 

2.9 Measuring cellular proliferation as a proxy of cellular viability via Tetrazolium 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay 

 

Cells were grown on glass 13 mm coverslips as outlined in section 2.6.2 and exposed to flow 

or static conditions in the manner outlined in section 2.8 above.  

 

Following conditional exposure, cell-coated coverslips were removed from the QV500 

experimental flow chambers, or static equivalent, and transferred to a sterile 24-well plate. 

To each coverslip, 500 µL of a 2.5 mg/mL 3-[4,5-dimethylthiazole-2-yl]-2,5-

diphenyltetrazolium bromide (MTT) solution was added and diluted 1:1 in the relevant 

serum-free cell culture medium. 

  

The cell-treated coverslips submerged in MTT solution were returned to a CO2 incubator and 

allowed to develop for 1.5 hours, allowing for the formation of formazan crystals. Following 
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incubation, excess MTT solution was removed, and coverslips were rinsed gently with 

warm dPBS to remove traces of MTT solution while ensuring that cells remain adherent. 

  

To each well containing a cell-seeded coverslip, 500 µL of DMSO was added to solubilise the 

formazan crystals, and each plate was rocked gently by hand for 2 minutes to aid in the 

solubilisation process. 

 

Following this, the multi-well plates were transferred to a Tecan multi-well plate reader, and 

the absorbance was monitored at 490 nm wavelength using installed Magellan software. 

Each well was read from 16 regions within the well, and the average generated.  

 

For subsequent data analysis and visualisation, R, RStudio and the associated R packages 

were selected as noted below in section 2.12. 

 

2.10 Measuring cellular viability via the LDH-Dƭƻϰ assay 

 

2.10.1 Preparing reagents 

 

Prior to performing the assay, the manufacturer-supplied LDH reductase substrate and LDH 

detection enzyme mix were removed from -80 °C storage and thawed at room temperature. 

Having thawed, the substrate solution was stored on ice, while the detection enzyme was 

allowed to reach room temperature. For each individual reaction, 50 µL of the detection 

enzyme was mixed with 0.25 µL of reagent in a microcentrifuge tube by gently inverting 

5 times. Remaining enzyme and substrate solutions were returned to a -80 °C freezer, and the 

prepared LDH assay solution was stored on ice until ready for use in experiments. 

 

2.10.2 Collecting and preparing cell culture medium for LDH analysis 

 

Cells were prepared for experiments and seeded on coverslips in the manner noted in section 

2.6.2 and exposed to the three conditions of interest for this study, those being a 1 mL static 
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culture, a 15 mL increased media volume static culture and a flow culture in which the QV500 

was used. At the designated timepoints, each experiment was transferred from the BINDER 

CO2 incubator to a sterile laminar flow cell culture cabinet, ensuring that the coverslips 

remained undisturbed. From each condition, a 10 µL aliquot of cell culture medium was 

extracted and transferred to a microcentrifuge tube. In instances where a time course 

experiment was performed, each experiment was re-sealed and returned to the CO2 

incubator until the next sampling time. Experimental cell culture medium was diluted as 

recommended by the manufacturer prior to experiments and stored on ice prior to use.  

 

2.10.3 LDH assay protocol 

 

To each well of a white 96-well plate, 50 µL of the diluted cell culture medium was added to 

50 µL of the LDH reaction solution. The plate was incubated at room temperature for 

45 minutes in the dark, following which it was transferred to the Tecan multi-well plate 

reader, and luminescence was measured using the luminescence function of the system. This 

process was repeated for each condition at each desired time-point. For subsequent data 

analysis and visualisation, GraphPad Prism 8 and its associated t-test and boxplot functions 

were utilised as noted in section 2.12. 

 

2.11 Image formatting 

 

Where required, figures and images were composited into a single figure/ image using the 

open-source image-editing program Krita ver. 4.0.1, which was selected due to its flexibility 

and the added ability to export high-quality images.  

 

2.12 Statistical analysis software 

 

Microsoft Excel 365 was utilised for the generation of datasets and for data handling and 

manipulation prior to statistical analysis. Data was statistically analysed and visualised using 

GraphPad Prism 8 version 8.4.2.679, R version 3.4.3 and RStudio version 1.1.423 as the 

analysis software in each instance. 
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Data was formatted using Excel into .csv format for compatibility with R software packages. 

R packages Ggplot2 ver. 2.2.1 and dplyr ver. 0.7.4. were utilised for the generation and 

visualisation of boxplots observed in the following experimental chapters in instances where 

R was selected as the analysis software of choice.
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3 Exploring the incorporation of the QV500 dynamic flow-through 

system in cell culture research 

 

3.1 Introduction 

 

3.1.1 Exploring the introduction of a dynamic flow as an essential component in cell 

culture practices 

 

In recent years, numerous systems have been developed with the ultimate aim of 

addressing the issue of incorporating dynamic flow into cell culture. Despite there being 

several novel flow models, the high initial investment and continued maintenance costs, 

coupled with the intensive technical knowledge required to maintain such systems, often 

poses a barrier to entry, thus limiting the accessibility and subsequent uptake of such 

systems. As the true impact of flow remains under-explored within the confines of cell 

culture, it is important to assess the impact that flow might exert on biological parameters. 

 

The majority of cell culture practices are performed using a solid surface to which cells can 

be applied and adhere to ς be that round coverslips (Koh and Lorsch 2013) or cell culture 

inserts (Lea 2015b) ς with the substrate surface varying in accordance with the 

methodology. It has also been previously discussed that the material used for this adhesive 

surface plays a vital role in dictating the physiology and growth rates of cell lines in the 

preparation of cell culture models (Ryan 2008; Scholz 2010). 

 

One could additionally argue that the presence of flow may dictate that the adherence of 

cells be considered of greater importance due to the risk of these cells becoming dislodged 

by the flow, which may promote physiological and molecular changes in the cells to ensure 

successful adherence, as would be found in situ. 

 

While the approximate volume of liquid known to flow through the gut varies on a person-

by-person basis, in the 2016 study by Cremer and colleagues, it was estimated that the 
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volume of liquid that passes through the GI tract totals approximately 1.5 ς 2 L/day (Cremer 

et al. 2016). While this is only a general approximation of the liquid that passes through the 

human gut within a 24-hour period, it inarguably provides valuable insight for flow models 

when seeking to calibrate systems to equate to that seen in situ. Therefore, to accurately 

understand the impact of flow within a cell culture system, one must compare the 

effectiveness of flow against the most utilised current practice, that being 2D-static 

methodologies, as used in most cell culture studies. 

 

3.1.2 Utilising the QV500 to introduce flow to cell culture  

 

As previously mentioned in this thesis, the Kirkstall QV500 cell culture chamber system was 

selected for this study due to its ease of use coupled with its reusability, and, as such, it was 

also important to select a number of parameters for monitoring the response of cells and to 

ƻōǎŜǊǾŜ ǘƘŜ ƛƳǇŀŎǘ ƻŦ ǘƘƛǎ ǎȅǎǘŜƳΩǎ ƛƴŘǳŎŜŘ Ŧƭƻǿ ƻƴ ǘƘŜǎŜ ǇŀǊŀƳŜǘŜǊǎΦ DƛǾŜƴ ǘƘŜ many 

potential stimuli naturally present within the gut, from the wide array of cell types (Quante 

and Wang 2009), hormone- and metabolite-mediated interactions and the host-specific 

microbiome interactions (Martin et al. 2019), it must first be noted that modelling the true 

complexity of the human gut is far beyond the scope of this study and, as such, is not the 

goal of this study. 

 

The utility of cell culture, as previously described, comes in its ability to provide insight into 

otherwise difficult-to-access regions of the human body. However, these expansive studies 

often lack the omnipresent physiological factors seen in situ όYŀǇŀƱŎȊȅƵǎƪŀ Ŝǘ ŀƭΦ нлмуύ. It 

could therefore be stated that incorporating dynamic flow into cell culture methodologies 

via milli- and micro-fluidic methodologies is of great importance when undertaking cell 

culture studies. Furthermore, the inclusion of dynamic flow and the optimisation of the 

QV500 for this study stands as the bedrock for the following chapter, particularly with focus 

given to understanding the impact of a dynamic flow element on measured cellular 

parameters of health. The primary goal of this chapter is to assess whether the presence of 

physiological flow significantly alters the behavioural response of cell lines, and if this varies 
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by passage number or medium composition, to validate the continued use of a dynamic 

flow-through system in the subsequent study. 

 

3.1.3 The aims of the chapter 

 

1. To optimise the QV500 flow through system for use in conjunction with cell culture. 

2. To optimise experimental parameters (including flow rate, experimental coverslip 

material and serum supplementation) for downstream applications. 

3. To assess the impact of flow on the viability of commonly used cell lines. 

пΦ ¢ƻ ŀǎǎŜǎǎ ǘƘŜ ƛƳǇŀŎǘ ƻŦ Ŧƭƻǿ ƻƴ ǘƘŜ ŎŜƭƭ ƭƛƴŜǎΩ ǇǊƻŘǳŎǘƛƻƴ ƻŦ glycoproteins, including  

mucin via gene expression methodologies. 

 

3.2 Materials and methods 

 

3.2.1 Cells utilised for experiments 

 

Cell lines were all prepared for experiments in the manner outlined in section 2.6.  

Caco-2, HCT116, HT29 and HT29MTX cell lines were all selected for use throughout the 

initial aspects of the study, the unique defining characteristics of which can all be seen in 

Table 2-1. 

 

3.2.1.1 Monitoring cell growth rates on glass and plastic coverslips 

 

Cell lines HT29MTX and Caco-2 were sub-cultured following the protocol outlined in section 

2.4.1 and centrifuged at 262 rcf for 5 minutes at 20 °C to allow for the formation of a cell 

pellet. The waste medium was discarded appropriately and treated with Virkonϰ, ensuring 

the pellet remained undisturbed and, following which, the pellet was resuspended using 

10 mL of cell culture medium warmed in a water bath set to 37 °C. 
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Live-dead cell counts were performed on each cell suspension using the Guava® Muse® cell 

count and analyser apparatus following the protocol outlined in section 2.6.1, and using the 

total cell counts, a 1.5 ς 2 × 104 live cell/mL density of cells was generated by diluting the 

initial cell stock in warmed DMEM. A 1 mL volume of the cell suspension was pipetted onto 

either glass or plastic coverslips housed in a sterile 24-well plate (Greiner Bio One, UK), and 

the plate was gently rocked by hand by slowly moving the multi-well plate on a solid surface 

to ensure that the coverslip surface became totally submerged. 

 

The coverslips submerged in cell suspensions were transferred to a humidified CO2 

incubator set to 37 °C for 8 hours to allow for some cellular adherence. Coverslips were 

Ǿƛǎǳŀƭƭȅ ƛƴǎǇŜŎǘŜŘ ŦƻǊ ŀŘƘŜǊŜƴǘ ŎŜƭƭǎ ǳǎƛƴƎ ǘƘŜ Wǳ[Lϰ .Ǌ ŎŜƭƭ-imaging system (NanoEnTek, 

Seoul, Korea). Following this, a single coverslip was selected and placed into a clean well 

within the same plate, and fresh warmed cell culture supplemented in accordance with the 

growth medium composition outlined in Table 2-2, which was gently added to the coverslip, 

ensuring that the adhered cells remain undisturbed. 

 

ThŜ Wǳ[Lϰ .Ǌ ǎȅǎǘŜƳ ŎŀƳŜǊŀ ǿŀǎ ǘǊŀƴǎŦŜǊǊŜŘ ǘƻ ŀ ƘǳƳƛŘƛŦƛŜŘ /h2 incubator and the coverslip 

placed into the camera field of view. Camera visuals were adjusted using the auto-focus 

ŦŜŀǘǳǊŜ ƻŦ ǘƘŜ Wǳ[Lϰ .Ǌ ǎȅǎǘŜƳ ŀƴŘ ǘƘŜ ŀŎŎǳǊŀŎȅ ƻŦ ǘƘŜ ǎȅǎǘŜƳ ŀǎǎŜǎǎŜŘ ǳǎƛƴƎ ǘƘe confluence 

feature, in which the confluence of the cell monolayer is assessed from a single captured 

image. In instances where the auto-focus was insufficient, exposure, focus and brightness 

were manually adjusted and reassessed until the confluence function returned three 

ŀŎŎǳǊŀǘŜ ǊŜŀŘǎΣ ǿƘƛŎƘ ǿŜǊŜ ŘŜŦƛƴŜŘ ōȅ Ǿƛǎǳŀƭ ŀǎǎŜǎǎƳŜƴǘ ƻŦ ǘƘŜ ǎȅǎǘŜƳΩǎ ŀōƛƭƛǘȅ ǘƻ ǊŜŎƻƎƴƛǎŜ 

adhered cells. The system was programmed to perform a growth rate analysis over a 72-

hour period, with an image captured to assess confluence at 5-minute intervals. These 

ƛƳŀƎŜǎ ǿŜǊŜ ŀƴŀƭȅǎŜŘ ōȅ ǘƘŜ Wǳ[Lϰ .Ǌ ǎȅǎǘŜƳ ǎƻŦǘǿŀǊŜ ŀƴŘ ŀǎǎƛƎƴŜŘ ŀ ƴǳƳŜǊƛŎ ǾŀƭǳŜ 

relating to the confluence percentage of the image, which was recorded in a separate 

information sheet. The incubator was sealed for 72 hours and left undisturbed to not impact 

the final footage by introducing any movement of the coverslip. Following the recording 

period, the data was collected and formatted using Microsoft Excel 365 before using 

GraphPad Prism 8 to generate a growth curve for both cell lines on each coverslip type, and 
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a growth rate was generated. The above process was completed for both Caco-2 and 

HT29MTX cells on both glass and plastic coverslips. 

 

3.2.1.2 Cellular adherence on coverslips exposed to dynamic flow 

 

Each of the four initial cell lines was grown to confluence on both the glass and plastic 

coverslips as outlined in section 2.6.2, with Caco-2 allowed to further differentiate for 

21 days. 

 

Cell-seeded coverslips were observed prior to experiments at three distinct regions on the 

ŎƻǾŜǊǎƭƛǇ ŀƴŘ ǘƘŜ ŎƻƴŦƭǳŜƴŎŜ ŀǎŎŜǊǘŀƛƴŜŘ ǳǎƛƴƎ ǘƘŜ Wǳ[Lϰ .Ǌ ŀǇǇŀǊŀǘǳǎΦ Lƴ ŀƭƭ ƛƴǎǘŀƴŎŜǎ ǇǊƛƻǊ 

to exposure to dynamic flow, coverslips were observed as being 100% confluent in each of 

the four regions observed. The cell-seeded coverslips were transferred to the QV500 

dynamic flow system, as shown in Figure 3-1 and exposed to a flow environment for 72 

hours in a humidified CO2 incubator.  

 

Following flow exposure, the QV500 systems were drained and coverslips harvested, all 

while ensuring that the monolayer remain as undisturbed as possible. Cells were re-

examined under light microscopy and confluence reassessed to assess cellular adherence 

following dynamic flow. 
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Figure 3-1: Schematic of an assembled QV500 chamber with cell-seeded coverslips. Cell-seeded coverslips (I) 
were transferred into the bottom component of a QV500 reaction chamber separated into its two halves (II), 
following which the two halves of the QV500 reaction chamber were re-assembled and sealed to form a water-
tight reaction chamber complete with a cell-seeded coverslip (III). 

 

3.2.1.3 Assessing the production of pro-inflammatory cytokine IL-8 and the cellular 

proliferation of HT29MTX cells under serum-starved and serum-supplemented 

conditions 

 

3.2.1.3.1  Formulating serum-supplemented and serum-free media 

 

FBS (Sigma Aldrich, UK) and charcoal-stripped FBS (Labtech, USA) were both utilised to 

prepare a 10% v/v, 1% v/v and 0.1% v/v serum medium for use in the assay, where the 

relevant serum was thawed using a water bath set to 37 °C, prior to being added to the cell 

culture medium using a sterile serological pipette. Additionally, a control medium lacking 

supplemented material (serum-free) was prepared. All media was prepared 24 hours prior 

to experimental exposure. 
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3.2.1.3.2 Assessing HT29MTX under various serum exposure conditions 

 

Cells were prepared and grown on glass coverslips following the protocol outlined in section 

2.6.2. All cell-coated coverslips were serum starved for 24 hours prior to experimental 

challenging. Serum starving was achieved 24 hours prior to experimental challenging by 

removing the growth medium and washing the cell layer with dPBS warmed in a water bath 

set to 37 °C for at least an hour, before replacing the medium with the appropriate 

experimental medium, as noted in Table 2-2, in an attempt to acclimatise the cells to the 

new environment. 

 

Cells were subsequently exposed to a static model, an increased medium volume static 

model and the QV500-induced flow model for 24 hours, following which the QV500 systems 

were drained and cell culture medium collected, frozen at -20 °C and stored for any 

potential future applications. Coverslips were removed from the exposure vessel and 

transferred to a fresh multi-well plate for analysis via MTT assay. 

 

MTT analysis was performed following the method outlined in section 2.9, and absorbance 

measured at a 490 nm wavelength using the Tecan multi-well plate reader apparatus as 

noted in section 2.9. Statistical analysis was performed using GraphPad Prism 8 version 

8.4.2.679, using the t-ǘŜǎǘ ŦǳƴŎǘƛƻƴŀƭƛǘȅ ŀƴŘ ǾƛǎǳŀƭƛǎŜŘ ǿƛǘƘ ǘƘŜ ǎƻŦǘǿŀǊŜΩǎ ōƻȄǇƭƻǘ ŦǳƴŎǘƛƻƴΦ 

 

3.2.2 MTT analysis of cells exposed to periods of dynamic flow 

 

Cells were prepared and maintained in adherence to the protocol outlined in section 2.4 

and plated onto glass 13 mm coverslips and prepared for experimental exposure in the 

manner noted in section 2.6.2 with an initial seeding density of 1.5 ς 2 × 104 live cells/mL. 

 

Cell-seeded coverslips were transferred to the relevant condition, be that the static, 

increased medium static or flow model, and exposed to flow for 24 hours. Coverslips were 

collected and exposed to MTT solution (Sigma Aldrich, Poole, UK) following the protocol 

outlined in section 2.9. Coverslips were collected and the stain solubilised using DMSO in 
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the same manner as outlined in section 2.9, before having the absorbance read in a Tecan 

multi-well pate reader set to a wavelength of 490 nm. 

 

3.2.3 LDH analysis of cells exposed to dynamic flow 

 

In an identical manner to that noted in the above section 3.2.2, coverslips were seeded with 

HT29MTX and Caco-2 cells and maintained until confluent. Cells were exposed to the 

relevant experimental model: static, increased medium static or flow. Cells were returned to 

a humidified CO2 incubator for 72 hours. At 24-hour intervals, a small quantity of the cell 

culture media was collected from each experimental condition and prepared following the 

protocol outlined in section 2.10 before mixing with an LDH assay solution. Supernatant and 

reaction mixes were incubated at room temperature for 45 minutes before luminescence 

was measured using the luminometer function of a Tecan multi-well plate reader. Data was 

exported to Microsoft Excel and formatted before being statistically analysed and visualised 

using GraphPad Prism 8.  

 

3.2.3.1 Alcian blue glycoprotein assay 

 

3.2.3.1.1 Preparing cells for alcian blue staining 

 

HT29MTX cells were grown as outlined in section 2.4 and sub-cultured in a similar manner 

to that outlined in section 2.4.1 until the formation of a pellet.  

 

Cells were resuspended in cell culture medium warmed to 37 °C in a water bath. Cells were 

subsequently assayed for viability and live-dead percentage by utilising the Guava® Muse® 

cell analyser methodology outlined in section 2.6.1, before being diluted to 1.5-2 × 104 live 

cells/mL. 

 

The diluted cell suspensions were plated into 96-well plates, with 100 µL of the cell 

suspension added per well. Cell-seeded microplates were returned to the humidified CO2 
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incubator for 24 hours before removing the media and visually observing the monolayer 

ǳǎƛƴƎ ǘƘŜ Wǳ[Lϰ Br cell imaging system. Cell-seeded microplates were monitored daily via the 

Wǳ[Lϰ .Ǌ ŀƴŘ ǘƘŜ ƳŜŘƛǳƳ ǿŀǎ ǊŜǇƭŀŎŜŘ ŜǾŜǊȅ м ς 2 days until confluent monolayers were 

observed. As noted previously, Caco-2 samples were allowed to differentiate over a 21-day 

period prior to experimental challenging, while being monitored daily to ensure monolayer 

integrity. 

 

3.2.3.1.2 Assessing stain exposure duration 

 

Cells were first washed using dPBS warmed to 37 °C in a water bath, ensuring the monolayer 

remained undisturbed. Following this, 100 µL of the 1% w/v alcian blue solution, prepared 

using 3% v/v acetic acid (Sigma Aldrich, Poole, UK), was added to each well and allowed to 

develop for one of the following durations: 1 minute, 5 minutes, 10 minutes, 30 minutes, 1 

hour and 2 hours. Additionally, a separate control plate was treated with dPBS only in place 

of alcian blue for the duration of the staining period. 

 

Following the desired exposure period, excess alcian blue stain solution was removed, and 

wells were gently washed with warm dPBS containing 0.05% w/v Tween-20 (Sigma Aldrich) 

5 times to remove excess stain, taking care to avoid disrupting the monolayer. Tween-20 

supplementation in dPBS was added following consultation with Prof. Nathalie Juge (pers. 

comm.) to ensure the glycoproteins remained undisturbed during the extensive wash 

process. Wells were visually observed post-wash to assess colour development (data not 

included). 

 

3.2.3.1.3 Optimising alcian blue stain release 

 

Stained cells were submerged in multi-well plates containing a range of potential solvents, 

those being dimethyl sulphoxide (DMSO), absolute ethanol and 10% v/v solutions of acetic 

acid and hydrochloric acid prepared using 1 M stocks. Cells were submerged for 3 hours and 

visually inspected following 5 minutes exposure to the solvents and subsequently at 30-

minute intervals for monitoring of the stain release from the cells into the assessed solvents. 
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Following the initial optimisation, an additional cycle was performed using the perceived 

optimal solvent, acetic acid, in which the plates shaken gently for 5 minutes at initial 

exposure (T0) and again at 30 minutes. A trio of controls were also performed, where cells 

were shaken at T0 only, at 30 minutes only and with no shaking. Shaking was performed by 

placing the multi-well plate containing the cells and acetic acid on a flat surface and moving 

the plates in a circular motion for 5 minutes. Shaking was performed rapidly enough to 

allow for agitation of the solubilising agent, thus promoting stain release, while 

simultaneously being gentle enough so that the liquid remained in the relevant wells, thus 

ensuring that all experiments remained bias free. At each stage, cells were visually inspected 

to assess the impact of shaking in conjunction with exposure to acetic acid.  

 

3.2.3.1.4 Attempting to develop a standard curve methodology for the alcian blue 

glycoprotein production assay 

 

Porcine mucin (Sigma Aldrich, Poole, UK) was first solubilised to a concentration of 1 mg/mL 

in PBS by continuously stirring using a magnetic stirrer at room temperature for 2 hours. 

Solubilised mucin suspensions were visually assessed to ensure complete solubilisation prior 

to performing dilutions. If mucin was not successfully solubilised, the solution was returned 

to a magnetic stirrer and assessed visually at 30-minute intervals until solubilised. Mucin 

solutions were diluted by a factor of 2 until a final concentration of 7.8125 µg/mL of mucin 

was achieved. The exact concentrations used for this experiment were as follows: 1000 

µg/mL, 500 µg/mL, 250 µg/mL, 125 µg/mL, 62.5 µg/mL, 31.25 µg/mL, 15.625 µg/mL and 

7.8125 µg/mL. 

 

The above-noted mucin concentrations were plated in a 96-well high-bind microplate and 

placed into a fridge set to 4 °C overnight to promote adhesion of the mucin to the treated 

cell surface. 

Following the adhesion period, the microplate was removed from the fridge and excess 

mucin solution removed and discarded, following which plates were washed twice gently 

using Tween-20 supplemented dPBS to remove residual unbound mucin. Mucin-treated 

microplates were exposed to the 1% v/v alcian blue solution as noted above in section 
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3.2.3.1.2 for 5 minutes before any excess stain solution was removed. Microplates were 

rinsed using warm dPBS to remove residual stain and allowed to air-dry. Stained microplates 

were finally exposed to a 10% v/v acetic acid as also noted in section 3.2.3.1.3.  

 

Prior to assessing the microplates, the optimal absorbance wavelength for the qAlcian blue 

was first estimated using an absorbance scan method using the Tecan multi-well plate 

reader. A scan range between the wavelengths of 230 nm and 1000 nm was selected, and 

the alcian blue solution was assayed in triplicate at each wavelength, resulting in the 

generation of an alcian blue absorbance profile (Figure 3-2). Following initial analysis, it was 

decided that 580 nm was the optimal absorbance for this method due to the high 

absorbance peak recorded and its positioning following a number of reduced absorbance 

wavelengths. As such, 580 nm absorbance was utilised in any subsequent experiment 

utilising alcian blue. 

 

3.2.3.1.5 Finalised alcian blue glycoprotein assay 

 

Cells were grown to confluence on glass coverslips in the same manner as noted in section 

2.6.2, with Caco-2 cells allowed to differentiate for 21 days prior to experimental 

challenging. When confluent, cell-coated coverslips were transferred to one of three 

experimental conditions, those being 1 mL static, 15 mL static and 15 mL QV500-mediated 

flow, with the exact details outlined in section 2.8, each containing a supplemented 

experimental medium, the formulation of which can be seen in Table 2-2. Cells were 

exposed to the relevant condition for both 48 hours and 72 hours before the medium was 

removed and the coverslips were gently transferred to a fresh multi-well plate, ensuring 

that no damage occurred to the coverslip and that the cell monolayer remained 

undisturbed.  

 

To each coverslip, 500 µL of 1% w/v alcian blue solution (Sigma Aldrich, Poole, UK) was 

added before recovering the plate with its lid and allowing stain development for 30 

minutes at room temperature. Excess alcian blue solution was removed and coverslips 

transferred to a fresh multi-well plate, in which the coverslips were washed 5 times with a 
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warm dPBS solution supplemented with 0.05% w/v Tween-20 to remove any residue alcian 

blue. The rinsed coverslips were transferred to a final multi-well plate ensuring that the 

coverslips and monolayer remained undisturbed and that cells were allowed to air-dry for 

1 hour. To the dried coverslips, 500 µL of 10% v/v acetic acid in dH2O were added and 

incubated at room temperature for 30 minutes. Following the incubation period, the multi-

well plate was shaken gently for 5 minutes to aid with stain solubilisation. 

 

3.2.3.2 Measuring glycoprotein production via alcian blue (absorbance measurement) 

 

Multi-well plates were placed into a Tecan multi-well plate reader and absorbance was 

measured at a 580 nm wavelength with four reads per well. The above process was 

repeated for each cell line at the 72-hour timepoint. 

 

Figure 3-2: Absorbance scan of alcian blue in 96-well plate for method optimisation. Absorbance was recorded 
twice for each well with the average absorbance estimated for each wavelength between 230 and 1000 nm. 
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3.2.3.3 Assessing the production of glycoproteins via light microscopy 

 

Cell-seeded coverslips were prepared following the protocol outlined in section 2.6.2 and 

experimentally challenged in the same manner as outlined in section 2.8, before being 

collected and transferred to a multi-well plate. 

 

Coverslips were inspected visually to ensure that monolayers remained undisturbed via light 

microscopy prior to the fixation process. If cells were observed as adhered, coverslips were 

submerged in a 4% v/v paraformaldehyde solution (Sigma Aldrich, Poole, UK) for 15 minutes 

at room temperature before aspirating the paraformaldehyde solution and discarding 

appropriately. Coverslips were subsequently treated with 1% w/v alcian blue solution at 

room temperature, before being washed gently with dPBS supplemented with 0.05% w/v 

Tween-20 5 times to ensure removal of residual staining. Cells were additionally stained 

with a nuclear fast red counterstain (Sigma Aldrich, Poole, UK) for 5 minutes at room 

temperature before once again being washed 5 times with dPBS with 0.05% w/v Tween-20. 

Stained cells were stored in dPBS at 4 °C prior to mounting to maintain cellular integrity and 

prevent fixed cells from drying out. 

 

Coverslips were mounted on glass microscope slides, with the cell-adhered surface placed 

away from the glass coverslip. To the cell-treated surface, 100 µL of DPX mounting solution 

were added, following which a 13 mm square coverslip was placed above the cell-adhered 

coverslip and pressed gently to disperse any air bubbles. The cells and mounting solution 

were left at room temperature for 5 minutes, following which mounted cells were bound in 

place using clear nail polish, which was placed at the edges of the square 13 mm coverslip 

and allowed to air-dry. Prepared coverslips were stored for up to 48 hours in the dark prior 

to visualisation via light microscopy to limit potential degradation. 
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3.2.3.3.1 Visualising glycoprotein via microscopy 

 

Microscopy was performed using the Leica DMRB brightfield photomicroscope equipped 

with a Jenoptik ProgRes® SpeedXT core 3 colour digital camera (Jenoptik, Germany). A 20× 

objective was utilised for the acquisition of the images, and the ProgRes® CapturePro 

software was utilised to perform white balance and image optimisation prior to image 

capturing. Images were exported in .JPEG format and composited together using Krita ver. 

4.0.1 (KDE Community 2020). 

 

3.2.3.3.2 Extracting RNA from experimental samples for qPCR analysis 

 

Following an experimental cycle in which cell-seeded coverslips were prepared according to 

the protocol outlined in section 2.6.2 and exposed to the experimental conditions outlined 

in section 2.8, coverslips were collected and transferred to a fresh 24-well plate, while 

ensuring that there was no disruption to the cell monolayer or damage incurred by the 

coverslip. 

 

Coverslips were washed gently with warm dPBS to remove any trace medium before 

submerging the coverslip in 500 µL of TRIzol® solution. Cells were incubated at room 

temperature for 5 minutes in the TRIzol® solution before the TRIzol® was triturated several 

times to aid with extraction of nucleic acid material. Following the incubation and titration, 

the TRIzol® solution was removed from the cells and stored in an appropriate volume 

cryovial. Due to the small cell number present on the coverslips, TRIzol® samples from three 

coverslips were pooled in each instance. TRIzol®-treated samples were stored at -80 °C for 

up to one month before use in cDNA synthesis. 

 

TRIzol® samples were collected from -80 °C and brought to room temperature before 0.2 µL 

of chloroform was added for every 1 mL of TRIzol®. The chloroform-TRIzol® mixture was 

inverted continuously for approximately 15 seconds until a clear, colourless region was 

observable at the top of the solution when allowed to settle. 
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The solution was centrifuged for 15 minutes at 17,000 rcf at 4 °C to allow phase separation. 

Following this step, the clear RNA phase was extracted from the top of the microcentrifuge 

tube, taking care not to contaminate the sample with genomic DNA, and transferred to a 

fresh microcentrifuge tube and the remaining pink protein and genomic phases were 

disposed of. 

 

To the collected RNA phase, 0.5 mL of isopropanol was added for each 1 mL of TRIzol® 

present in the initial stages, and this mixture was inverted by hand continuously for 

10 seconds. The isopropanol mix was transferred to a -80 °C freezer for one hour, as this 

method had been noted as having an increased yield compared to that seen from 

extractions conducted following the on-ice method recommended by the manufacturer. 

 

Having conducted the long -80 °C incubation, the microcentrifuge tube was thawed at room 

temperature and centrifuged for 10 minutes at 17,000 rcf to form a pellet. Ensuring that the 

pellet was not lost, the isopropanol was removed and the microcentrifuge tube blotted dry 

using paper towels. To each microcentrifuge tube, 1 mL of ethanol was added before being 

rapidly vortexed for 10 seconds, and the microcentrifuge tube was re-centrifuged at 

7,500 rcf for 5 minutes. The above step was repeated a further three times with fresh 

ethanol, and on the final wash, the ethanol was removed, and the pellet allowed to air-

dry.The pellets were resuspended in 20 µL of nuclease-free water and stored for a 

maximum of 24 hours at -20 °C prior to cDNA synthesis due to reduced stability of mRNA 

compared to cDNA. 

 

3.2.3.3.3 aŜŀǎǳǊƛƴƎ wb! ŎƻƴŎŜƴǘǊŀǘƛƻƴ ǳǎƛƴƎ ǘƘŜ vǳōƛǘϰ оΦл ŦƭǳƻǊƻƳŜǘŜǊ 

 

Prior to undertaking cDNA synthesis, the RNA concentrations of each solution were acquired 

ǳǎƛƴƎ ǘƘŜ vǳōƛǘϰ IƛƎƘ {ŜƴǎƛǘƛǾƛǘȅ wb! ƪƛǘ ό¢ƘŜǊƳƻCƛǎƘŜǊΣ ¦YύΦ ¢ƘŜ ǎǘŀƴŘŀǊŘǎ ŦƻǊ ǘƘŜ vǳōƛǘϰ 

3.0 Fluorometer were pre-performed prior to the assay and, as such, were not performed. 

RNA samples were thawed and stored on ice for the duration of the assay to minimise RNA 

degradation.  
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vǳōƛǘϰ ǊŜŀƎŜƴǘǎ ǿŜǊŜ ōǊƻǳƎƘǘ ǘƻ ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜ ǇǊƛƻǊ ǘƻ ǳƴŘŜǊǘŀƪƛƴƎ ǘƘŜ ŀǎǎŀȅΣ ǿƘƛŎƘ 

ǿŀǎ ǇŜǊŦƻǊƳŜŘ ƛƴ ŀŎŎƻǊŘŀƴŎŜ ǿƛǘƘ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ guidelines. A final volume of 20 µL 

ǿŀǎ ǎŜƭŜŎǘŜŘ ŦƻǊ ŜŀŎƘ ŀǎǎŀȅΣ ŀƴŘ ǘƘŜ wb! ǎŀƳǇƭŜ ǿŀǎ ŘƛƭǳǘŜŘ ƛƴ vǳōƛǘϰ ǿƻǊƪƛƴƎ ǎƻƭǳǘƛƻƴ 

ŀƴŘ ŀƭƭƻǿŜŘ ǘƻ ǊŜǎǘ ŀǘ ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜ ŦƻǊ н ƳƛƴǳǘŜǎ ǇǊƛƻǊ ǘƻ ǊŜŀŘƛƴƎ ƛƴ ǘƘŜ vǳōƛǘϰ 

apparatus. Each sample tube was inserted into the chamber before closing the lid and 

running the assay. The concentration was recorded in each instance and the process 

repeated for each sample. 

 

3.2.3.3.4 cDNA synthesis 

 

Using the concentrations produced by the Qubitϰ 3.0 fluorometer, the required volume for 

a working concentration of 1 ng/mL RNA was calculated. To conduct the cDNA synthesis, the 

High Capacity cDNA Reverse Transcription Kit (Life Technologies, Paisley, UK) was utilised. 

CƻƭƭƻǿƛƴƎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƎǳƛŘŜƭƛƴŜǎΣ ƴǳŎƭŜŀǎŜ-free H2O, reverse transcriptase (RT), 

random primers, dNTPs, an RT buffer and 1 ng of the prepared RNA sample were added to a 

sterile PCR tube. Tubes were appropriately labelled and transferred to a thermal cycler 

programmed to undertake amplification. Following the completion of the cycle, cDNA 

samples were transferred to an appropriate storage vessel and stored at -20 °C until 

required. This process was repeated for each sample as required. 

 

3.2.3.3.5 Identifying primers for MUC qPCR analysis 

 

To prepare primers for MUC genes, previously utilised qPCR primers from a number of 

academic publications were selected and analysed using the NCBI primer-BLAST tool (NCBI 

2020) to identify the specificity of the primers. In instances where the primers lacked 

specificity, these primers were discarded and alternative primers sought and the process 

repeated. The online primer repository oliGO! (oliGO! 2018) was ultimately utilised as the 

primary source of many primer sequences due to returning a high binding specificity 

percentage and producing accurate targeting for the genes of interest. 
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The housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was selected 

to aid in normalising the qPCR MUC gene counts, and primers were generated using the 

primers found on the online primer repository oliGO!  

 

All primers used in the study were synthesised by Eurofins Genomics (Germany). Primer 

sequences used for the MUC qPCR can be seen in Table 3-1. 

Table 3-1: Primer sequences for MUC qPCR. 

Primer name tǊƛƳŜǊ ǎŜǉǳŜƴŎŜ όрΩ ς оΩύ Source 
MUC2 
(Forward) 

CAGCACCGATTGCTGAGTTG (Cobo et al. 2017) 

MUC2 
(Reverse) 

GCTGGTCATCTCAATGGCAG (Cobo et al. 2017) 

MUC5AC 
(Forward) 

TCCACCATATACCGCCACAGA (Matull et al. 2008) 

MUC5AC 
(Reverse) 

TGGACGGACAGTCACTGTCAAC (Matull et al. 2008) 

MUC5B 
(Forward) 

ACGTCAAGGCCACAGCTATT (Kumar et al. 2016) 

MUC5B 
(Reverse) 

AGGTGGGAGGCTCCTCTG (Kumar et al. 2016) 

GAPDH 
(Forward) 

CTTTTGCGTCGCCAGCCGAG (oliGO! 2018) 

GAPDH 
(Reverse) 

GCCCAATACGACCAAATCCGTTGACT (oliGO! 2018) 

 

3.2.3.3.6 RT-qPCR protocol 

 

Real-time qPCR amplification was performed using the iTaq Universal SYBR Green SuperMix 

(Bio-Rad, Hemel HempsteadΣ ¦Yύ ƛƴ ŀŎŎƻǊŘŀƴŎŜ ǿƛǘƘ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƎǳƛŘŜƭƛƴŜǎΦ ¢ƻ ŜŀŎƘ 

well of a skirted 96-well qPCR plate (Bio-Rad, Hemel Hempstead, UK) 10 µL SYBR green, 

50 mM of the forward and reverse primers, 1 µL cDNA and 8 µL nuclease-free H2O were 

added. Plates were sealed using a sealing film and transferred to a /C· /ƻƴƴŜŎǘϰ wŜŀƭ-Time 

Instrument (Bio-Rad), in which an initial melting cycle at 95 °C for 5 minutes, followed by 

40 cycles of melting (94 °C for 15 seconds), annealing (60 °C for 15 seconds) and extension 

(72 °C for 30 seconds) were performed. Fold changes were calculated following the 

methodology outlined in (Michael et al. 2016) where άfold changes in transcript level were 



65 
 

determined using 2-όɲ/ǘм ς ɲ/ǘнύΣ ǿƘŜǊŜ ɲ/ǘ ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ŘƛŦŦŜǊŜƴŎŜ ōŜǘǿŜŜƴ ǘƘŜ 

threshold cycle (CT) for each target geneέ όǘƘƻǎŜ ōŜƛƴƎ a¦/нΣ a¦/р!/ ŀƴŘ a¦/р. ƛƴ ǘƘƛǎ 

instance) and the GAPDH housekeeping gene.  

 

A control sample for each gene lacking the reverse transcriptase was utilised in each 

experiment to ensure the accuracy of each sample and that the observed trends were not 

induced by the presence of contaminating DNA.  

 

Generated data was exported to Microsoft Excel 365 for initial analysis and data processing 

prior to statistical analysis using the software R and RStudio associated packages, all of 

which are as noted in section 2.12. 

 

3.3 Results 

 

3.3.1 Cellular adherence and growth rates of cell lines Caco-2 and HT29MTX on solid 

substrates 

 

Prior to introducing cells to the experimental challenge, it was essential to optimise cell 

growth and adherence to the desired coverslips, as these would play an important role in 

the upcoming study. The final growth rates for Caco-2 and HT29MTX cells seeded onto 13 

ƳƳ ŎƛǊŎǳƭŀǊ Ǝƭŀǎǎ ŎƻǾŜǊǎƭƛǇǎ ŀƴŘ мо ƳƳ ŎŜƭƭ ŎǳƭǘǳǊŜ ǘǊŜŀǘŜŘ bǳƴŎΦϰ ¢ƘŜǊƳŀƴƻȄϰ ǇƭŀǎǘƛŎ 

coverslips that were monitored over a 48-hour period can be seen in Figure 3-3.  

 

In the case of HT29MTX, sŀƳǇƭŜǎ ǎŜŜŘŜŘ ƻƴ ¢ƘŜǊƳŀƴƻȄϰ ŎƻǾŜǊǎƭƛǇǎ ǿŜǊŜ ƻōǎŜǊǾŜŘ ŀǎ 

having a slower growth rate when compared to the equivalent cell line plated on a glass 

coverslip of equal size. In the case of Caco-2, while initial confluence was higher in 

¢ƘŜǊƳŀƴƻȄϰ ǎŜŜŘŜŘ ǎŀƳǇƭŜǎ compared to glass, confluence was noted as having decreased 

over the observed 48 hours. However, in glass seeded samples, while initially a lower 

adherence was observed, cell growth over the observed period was consistent. Additionally, 

the final confluence percentage at the final timepoint of 48 hours in HT29MTX samples was 

! . / 9 5 
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ŎƻƴǎƛŘŜǊŀōƭȅ ƭƻǿŜǊ ƛƴ ¢ƘŜǊƳŀƴƻȄϰ ŎƻǾŜǊǎƭƛǇ-plated samples compared to glass coverslips, 

ǎǳƎƎŜǎǘƛƴƎ ǘƘŀǘ ¢ƘŜǊƳŀƴƻȄϰ ŎƻǾŜǊǎƭƛǇǎ ŀǊŜ ŀ ǎǳō-optimal surface for this cell line. While the 

final confluence percentage of Caco-2 cells plated to glass coverslips was lower than that of 

ǘƘŜ ¢ƘŜǊƳŀƴƻȄϰ ǇƭŀǘŜŘ ǎŀƳǇƭŜǎΣ ǘƘŜ ƴŜƎŀǘƛǾŜ ǘǊŜƴŘ ƻōǎŜǊǾŜŘ ƛƴ ǘƘŜ ¢ƘŜǊƳŀƴƻȄϰ ǎŀƳǇƭŜǎ 

made them an undesirable prospect for use in downstream applications in this study.  

 

With regard to the adherence of cells to the assessed coverslip materials, a slight variation 

was observed in overall cellular adherence upon visual examination (data not included). In 

the case of HCT116, some cells were lost across both coverslip materials, with a reduced 

confluence observed following exposure to dynamic flow. However, in the case of the glass 

coverslips, an increased retention was observed compared to the plastic, where, in each 

instance, all cells were lost under flow. HT29, HT29MTX and Caco-2 showed a slight 

reduction in adherent cells when grown on treated plastic coverslips following exposure to 

flow, whereas with the glass coverslips, in all instances, each cell line showed no visible 

reduction in cell adherence following a period of flow exposure (data not included). 

 

Having identified that plastic coverslips resulted in a slower growth rate of the cell lines of 

interest, in conjunction with the improved cellular adherence and retention rate of glass 

coverslips under flow conditions, in spite of their fragility, glass coverslips were selected in 

favour of the more durable plastic due to the significantly increased speed at which 

confluence was reached that might, in turn, help in balancing the time limitations imposed 

by the QV500 system. 
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Figure 3-3: Caco-2 and HT29MTX growth on plastic and glass coverslips over a 48 hour period. Due to inter-
sample variation in initial confluence recorded following coverslip seeding, the above results represent a single 
run on each coverslip material for each cell line. Trends observed were consistent across all experimental runs, 
only vaǊȅƛƴƎ ŀǎ ŀ ǊŜǎǳƭǘ ƻŦ ƛƴƛǘƛŀƭ ŀŘƘŜǊŜƴǘ ŎŜƭƭ ŘŜƴǎƛǘȅΦ ά/ƻƴŦƭǳŜƴŎŜέ ǊŜƭŀǘŜǎ ǘƻ ŎƻƴŦƭǳŜƴŎŜ ǇŜǊŎŜƴǘŀƎŜ ҎмллΦ 
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3.3.2 Identifying the optimal media formulation and the impact of FBS in prolonged 

experimental exposure via MTT assay 

 

It was decided that, to assess the optimal experimental medium to proceed with the study, 

three experimental conditions would be examined, those being the commonly utilised FBS 

and serum-free conditions, and a third alternative, a charcoal-stripped FBS, produced by 

Labtech (USA). HT29MTX cells displayed alterations in cellular viability in all assessed 

conditions following a 24-hour exposure period to the media formulations containing 

various concentrations of FBS and csFBS (Figure 3-4). 

 

Samples exposed to charcoal-stripped FBS displayed a dose-dependent increase in cellular 

proliferation all experimental conditions, with the highest concentrations of csFBS showing 

the highest viability of the three concentrations tested, although no significance was 

observed between the three csFBS concentrations under any condition. Additionally, it was 

noted that, in the case of csFBS, HT29MTX cells showed a reduced viability at lower 

concentrations compared to the serum-starved control samples, with the sole exception 

being those samples exposed to 10% csFBS under flow conditions (Figure 3-4). This 

reduction in viability, compared to serum-starved samples, was statistically significant in the 

following 15 mL static and flow-exposed samples: 15 mL static 0.1% and 1% csFBS samples 

and flow-exposed 0.1% csFBS samples (15 mL static: 0.1% csFBS p < 0.001, 1% csFBS p < 

0.05; Flow: 0.1% csFBS p < 0.05). Although the trend observed in all three samples was 

similar, the degree of this trend varied by exposure condition. As such, as csFBS was 

observed as having a consistent reduction in cellular proliferation across all exposure 

conditions compared to the serum-free control, csFBS-centred medium composition was 

discarded from future experiments. 

 

FBS-challenged samples displayed a somewhat more varied response across all conditions, 

with 1 mL static samples showcasing a slight dose-dependent increase in viability, and both 

15 mL static and flow samples displaying a somewhat more variable trend. No significant 

differences in viability were observed when comparing FBS concentrations. 
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As there were no statistically significant benefits observed at any concentration of FBS when 

compared to the serum-starved control, it was decided that serum-starved medium would 

instead be utilised for any downstream assays. The use of serum-free conditions in future 

experiments was additionally reinforced as, in a serum-free experimental medium, there 

would be no growth factors, hormones or inflammatory molecules present from the FBS 

that might otherwise influence cellular behaviour or cellular response to a given stimulus, 

and as the influence of these additional factors introduced by FBS could not be verified at 

this time, serum-free medium was selected.
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Figure 3-4: Assessing the impact of serum on the cellular proliferation of HT29MTX cells via MTT assay. HT29MTX cells were exposed to serum-free, csFBS- and FBS-
supplemented DMEM for 24 hours under either 1 mL static, 15 mL static or flow conditions, following which cellular proliferation was measured via the MTT assay. The data 
represent the mean±standard deviation (SD) of 3 independent experiments and are presented as fold-change compared to the serum-starved control that has been 
arbitrarily set as 1. Statistical analysis was performed using unpaired t-test where * p < 0.05, ** p < 0.01, *** p < 0.001.
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3.3.3 Measuring the cellular proliferation of intestinal cell lines following exposure to 

dynamic flow via MTT assay 

 

As time had not previously been observed as significantly impacting cellular viability, it was 

important to first ascertain whether the exposure time exerted an additional effect on the 

cell lines. Cell samples within the study were all noted as being within the passage window 

recorded in Table 2-1, to additionally assess the impact of passage on cellular behaviour in 

vitro.  

 

While some variation was observed with cells of a different passage number, no significant 

difference was noted between passage, inferring that the results generated were a 

consequence of the conditional exposure. 

 

No significant difference was observed in any cell line at the 24-hour timepoint when 

comparing experimental conditions (Figure 3-5). A minor increase in cellular proliferation 

was observed in the flow-exposed cells at the 24-hour timepoint in cell lines Caco-2, HT29 

and HT29MTX, and in all cell lines, cellular proliferation was elevated in increased medium 

volume (15 mL) experiments, though no significance was noted in any cell line. 

 

Caco-2 exhibited significant increases in cellular proliferation following 48-hour exposure to 

experimental conditions (Figure 3-5). A significant change in MTT cellular proliferation was 

observed in both increased media (15 mL) and flow experiments when compared to cell 

culture methods, with the greatest significance noted in the flow cohort (p < 0.05).  

 

Following exposure to experimental conditions for 72 hours, it was noted that in cell lines 

HT29 and HCT116, there was significantly increased cellular proliferation at 72 hours. 

HCT116 cell lines showed significantly increased cellular proliferation when exposed to flow 

conditions when compared to both the 15 mL increased medium static (p < 0.05) and static 

methodologies (p < 0.01). HT29, however, displayed an inverse behaviour. A general trend 

of reduced cellular proliferation in both the 15 mL increased medium static samples and 

flow-exposed samples when compared to the 1 mL static samples was seen in the assessed 
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HT29 samples, with a significant reduction in cellular proliferation recorded in the static 

15 mL increased medium samples compared to the 1 mL static exposed samples (p < 0.05). 

 

Cell lines Caco-2, HT29MTX and HCT116 displayed similar trends at each timepoint, with 

elevated cellular proliferation observed in flow samples compared to static methodologies. 

However, HT29 displayed a varied response, although a general trend of decreased cellular 

proliferation over time could be seen, with a significantly negative impact noted at 72 hours 

(Figure 3-5). Cell lines should, therefore, be noted as having a cell-line-distinct response to 

specific stimuli, and variation is also noted to be induced by temporal variation across 

individual cell lines. Additionally, cell lines could be noted as being either well suited or 

incompatible for use within a physiologically representative environment ς thus suggesting 

a need for a preliminary evaluation of cell lines when adjusting established cell culture 

protocols to incorporate a flow or other physiologically relevant condition. 
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Figure 3-5: Cellular proliferation of intestinal cell lines following periods of exposure to increased medium 
volume and a physiological flow element. Cell lines Caco-2, HCT116, HT29 and HT29MTX seeded glass 
coverslips were exposed to either static (1 mL or 15 mL) or flow conditions and assessed at either 24-, 48- or 72-
hours exposure for cellular proliferation using the MTT assay. The data represent the mean±standard deviation 
(SD) of 3 independent experiments (containing triplicate samples of each condition) and are presented as fold-
change compared to the control at each timepoint that has been arbitrarily set as 1. Statistical analysis was 
performed using the unpaired t-test where *p < 0.05, **p < 0.01. 
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3.3.4 aŜŀǎǳǊƛƴƎ ŎŜƭƭǳƭŀǊ Ǿƛŀōƛƭƛǘȅ ƻŦ ŎŜƭƭ ƭƛƴŜǎ ŜȄǇƻǎŜŘ ǘƻ ŘȅƴŀƳƛŎ Ŧƭƻǿ Ǿƛŀ [5I Dƭƻϰ 

cytotoxicity assay 

 

Lactate dehydrogenase assays for both cell lines exhibited similar yet distinct trends, further 

exemplifying the variation in behaviour that is observed between cell lines. 

 

HT29MTX held a similar trend at all timepoints. Cells that were exposed to an increased 

medium volume, but no flow element, exhibited lower production levels of LDH compared 

to other conditions at all timepoints (p < 0.001). Interestingly, however, 1 mL static samples 

exhibited comparatively low LDH production at 24 hours, but as time progressed to 

48 hours, LDH production increased significantly, even surpassing those levels seen in flow 

samples (p < 0.01). As such, it could be concluded that prolonged exposure to low medium 

volumes may introduce a stressful microenvironment for cell culture, resulting in a cellular 

stress response, potentially due to a build-up of waste products and changes in pH over 

time. 

 

While the addition of dynamic flow to HT29MTX induced a significant increase in LDH 

production compared to the 1 mL and 15 mL equivalents, no significant changes occurred 

between the 24-hour and 72-hour timepoints (Figure 3-6). The above results led to the 

conclusion that the initial exposure of cell lines to dynamic flow induces a stress response in 

the cells ς a response that, once acclimatised, the cells do not continue to exhibit. 

 

Interestingly, when examining the LDH production by Caco-2 cells, a different pattern of 

behaviour is observed. At all timepoints, static 1 mL samples are observed as having a trend 

of increased LDH production, with significantly reduced LDH produced at all timepoints in 

15 mL static experiments (24h: p < 0.01; 48h and 72h: p < 0.001) and in flow experiments 

(24hr and 48hr: p < 0.01; 72hr: p < 0.001) as is seen in Figure 3-7. Additionally, while all 

conditions display significant increases in LDH production between 24 and 48 hours, 15 mL 

static samples show no significant changes between 48 and 72 hours. While the trends 

remained consistent throughout, the previously mentioned stress response induced by flow 

in HT29MTX appears to be cell line specific. 
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Figure 3-6: LDH production in HT29MTX cells following experimental exposure to flow and static conditions. 
HT29MTX cell-seeded coverslips were exposed to either static (1 mL or 15 mL) or flow conditions for a period of 
72 hours, where medium samples were collected and analysed at 24-hour intervals via the LDH-Dƭƻϰ ŀǎǎŀȅΦ 
The data represent the mean±standard deviation (SD) of 3 independent experiments and are presented as fold-
change compared to the 1 mL static control at 24 hours that has been arbitrarily set as 1. Unpaired t-test was 
used when comparing experimental conditions 1 mL static, 15 mL and flow; paired t-test was used when 
comparing values across a given time period. Statistical analysis was performed using the paired or unpaired t-
test where *p < 0.05, **p < 0.01, ***p < 0.001). 


















































































































































































































































































