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Abstract 
 
Chronic obstructive pulmonary disease (COPD) is a lung condition characterised by 

progressive airflow limitation in part due to narrowing and fibrosis of small airways. COPD is 

associated with cellular senescence which is driven by stressors such as oxidative stress. 

MicroRNA-21 (miR-21) and microRNA-34a (miR-34a) are upregulated in COPD, however their 

regulatory role in COPD pathogenesis or in response to oxidative stress remains unclear.  

 

To better understand the role of miR-21 and miR-34a in COPD, a microfluidic platform was 

developed to quantify miR-21 and miR-34a molecules in single cells. Sandwich hybridisation 

assay was optimised and integrated into microfluidic chambers for single cell miRNA 

detection. The sensitivity was demonstrated by quantifying levels of miRNA in nasal cells and 

fluid. Levels of miR-21 were varied in nasal cells and fluid within and between individuals. 

 

Levels of miR-21 and miR-34a were increased in small airway epithelial cells (SAEC) and 

fibroblasts (SAF) from COPD subjects compared to non-smokers, and were varied within and 

between subjects. MiR-21 and miR-34a were detected simultaneously from the same cell 

using a multiplex assay which showed a positive correlation between miR-21 and miR-34a 

expressed in SAEC and SAF.  

  

Baseline gene expression of miR-21 and miR-34a targets differed in SAEC and SAF. Altered 

levels of miR-21 and miR-34a influenced their targets mRNA and protein levels, however the 

effect was different in COPD cells compared to healthy cells. MiR-21 and miR-34a levels were 

elevated in response to oxidative stress, while their target gene expression was reduced and 

senescent markers were increased. 

 

This study demonstrated that a microfluidic platform can be developed to quantify single 

miRNA molecules in single cells to determine cell-to-cell variation of miRNAs within cell 

populations. MiR-21 and miR-34a are crucial regulators in COPD and may have a protective 

role in response to oxidative stress, however further investigation is required. 
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Chapter 1: Introduction 
 

1.1 Chronic Obstructive Pulmonary Disease (COPD) 
 

1.1.1 Definition and overview 
 
COPD is a long-term lung condition that is characterised by slow progressive airflow limitation 

due the narrowing of the airways and the irreversible structural changes in the lungs (Barnes 

et al., 2003, 2015). Subjects diagnosed with COPD, experience breathlessness, mucus 

hypersecretion and chronic cough which leads to an increasingly poor quality of life and an 

annual loss of 27,700 productivity years worldwide (Barnes et al., 2015; Salvi & Barnes, 2009; 

Ding et al., 2017; Fletcher et al., 2011; May & Li, 2015). In 2019, it was reported there were 

212.3 million prevalent cases of COPD globally with 3.3 million deaths and 4.4 million disability 

adjusted life years (Safiri et al. 2022). COPD is a global burden and, in the UK, costs the 

National Health Service (NHS) £1.9 billion per year (Cox et al. 2017). The rate of COPD 

incidence is increasing due to the ageing population, and the prevalence is rising in developing 

countries as the risk factors that contribute to the disease are increasing (Quaderi & Hurst 

2018).   

 

COPD is heterogenous as the pathology of the disease varies and there are several risk factors 

associated with the disease. COPD subjects present with symptoms of sputum production, 

cough and dyspnoea that is progressive and often irreversible with therapeutics. Individuals 

are diagnosed with COPD by evaluating their symptoms, exposure to risk factor and lung 

function tests (Vogelmeier, 2017). To determine the lung function, a spirometry assessment 

is commonly performed that involves measuring the forced expiratory volume in 1 second 

(FEV1) and forced vital capacity (FVC) post-bronchodilator (Agustí et al., 2023). The ratio of 

FEV1 to FVC is determined and ratio of <0.7 with FEV1 <80% predicted confirms persistent 

airflow limitation and COPD (Agustí et al., 2023). COPD subjects are categorised based on their 

airflow limitation into four categories using the Global Initiative for Chronic Obstructive Lung 

Disease (GOLD) stages 1-4 which groups subjects into disease severity (Agustí et al., 2023). 

 

COPD subjects experience exacerbations which are episodes of symptom worsening that are 

often associated with increased airway inflammation and systemic inflammatory effects 
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(Wedzicha & Seemungal, 2007; Hurst et al., 2012; Barnes, 2007). COPD exacerbations usually 

occur in response to pathogenic infections such as rhinovirus or environmental factors 

(Pavord et al. 2016). COPD subjects can also be grouped by symptoms and exacerbation 

frequency (ABE classification) (Agustí et al., 2023). Frequent exacerbators are COPD subjects 

that are susceptible to exacerbations independent of disease severity and their exacerbation 

frequency becomes stable over time (Le Rouzic et al., 2018; Wedzicha et al., 2013). Frequent 

exacerbators (>2 exacerbations/year) have poor prognosis, greater hospital admissions, 

quicker disease progression and worse health status compared to infrequent exacerbators. 

Moreover, COPD subjects often experience co-morbidities such as cardiovascular diseases 

which can further impact their well-being and healthcare systems (Barnes & Celli, 2009).  

 

1.1.2 Causes and risk factors 
 

Chronic cigarette smoke exposure is the most common risk factor that contributes to the 

development of COPD in developed countries, with up to 90% of all COPD cases attributed to 

tobacco smoking (Barnes, 2004, 2007, 2020). However, 25-45% of all COPD subjects are never 

smokers, with prevalence varying depending on geographical area and different 

epidemiological studies (Salvi & Barnes, 2009; Pando-Sandoval et al., 2022). These never 

smokers usually experience milder symptoms and have better prognosis (Salvi & Barnes 

2009). There are environmental factors that are associated with the development of COPD 

such as indoor air pollution (smoke from biomass or coal), occupational exposures (dust, 

chemical or pollutant exposures) and outdoor air pollution (particulate matter <10 μm, 

nitrogen dioxide or carbon monoxide) (Salvi & Barnes 2009). While in high-income countries, 

cigarette smoking is the primary risk factor for COPD, in developing countries, biomass smoke 

exposure is a major risk factor for COPD (Salvi & Barnes 2009). Around 50% deaths globally 

from COPD are attributed to biomass smoke and 75% of this group are female due to biomass 

fuel (wood or charcoal) being used for indoor cooking (Lopez et al. 2006; Salvi and Barnes 

2009).  

 

There are genetic factors that are also involved in COPD development and alpha-1 antitrypsin 

(α1-AT) deficiency is the most common inherited condition (Silverman 2020). α1-AT is a serine 

protease inhibitor that neutralises proteases such as neutrophil elastase (Kokturk et al., 
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2023). In the lower respiratory tract of α1-AT deficient subjects, there is an increased number 

of neutrophils which are activated and release neutrophil elastase which can drive alveolar 

destruction (Gooptu et al., 2009; Silverman, 2020). There are other risk factors involved in 

COPD such as passive cigarette smoke exposure or other particulate matter during infancy, 

childhood respiratory symptoms, asthma during development and socio-economic 

disadvantages (Barnes et al. 2015). 

 

1.1.3 Pathophysiology  
 
The three main pathologies that lead to progressive lung function limitation and airflow 

obstruction are chronic bronchitis, small airway disease (SAD) and emphysema (Figure 1.1) 

(Barnes et al., 2015). These can occur in conjunction with another, but their contribution can 

be different depending on the patient (Corlateanu et al. 2020; Vestbo et al. 2014).  

 

 
Figure 1.1 Pathology of chronic obstructive pulmonary disease (COPD)  

In healthy lung, small airways are held open by alveolar wall attachments that consist of 
elastin fibres. In COPD lung, there are three main pathologies which are chronic bronchitis, 
small airway diseases and emphysema. Chronic bronchitis is the excessive mucus 
hypersecretion that builds up within the airways which is difficult to clear and blocks 
mucociliary clearance. Small airway disease is the chronic inflammation that leads to 
peribronchial fibrosis and airway obstruction. Emphysema is the destruction of the 
parenchyma which leads to collapse of the airways and reduced surface area for gas 
exchange. Figure adapted from (Barnes et al., 2015). 
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1.1.3.1 Chronic Bronchitis 
 
Chronic bronchitis is defined as chronic productive cough and sputum production that is 

persistent and lasts longer than 3 months in two years (Kim & Criner, 2013; Widysanto & 

Mathew, 2022). Excessive mucus in COPD subjects is due to overproduction and 

hypersecretion by goblet cell hyperplasia and hypertrophy as well as submucosal gland 

enlargement, and reduction in clearance of mucus (Kim & Criner, 2013). This occurs in 

response to cigarette smoke exposure (Deshmukh et al., 2005), viral infection (Holtzman et 

al. 2005), bacterial infection (Burgel & Nadel, 2004), toxins and oxidants (Kim & Criner, 2013). 

Excess airway mucus leads to difficulty in clearing secretions due to lack of ciliary clearance, 

distal airway occlusion, reduced peak expiratory flow and weakened respiratory muscles 

(Hogg et al., 2004; Ramos et al., 2014; Widysanto & Mathew, 2022). Thus, mucus 

accumulation leads to airflow obstruction, exacerbations and accelerates the decline in lung 

function. 

 

1.1.3.2 Small airway disease (SAD) 
 

In COPD lung, the small airways (<2 mm diameter) are a key site where obstruction takes 

place due to chronic inflammation, peribronchiolar fibrosis and mucus plugging which leads 

to increased airway remodelling and airway resistance (Barnes, 2004; McDonough et al., 

2011). This is known as chronic bronchiolitis or SAD (Hogg et al., 2013; McDonough et al., 

2011).  

 

Airway obstruction is associated with the enhanced thickening of airway wall due to fibrosis 

and blocking of the airway lumen by mucus hypersecretion (Hogg et al., 2004; Higham et al., 

2019). There is an increase amount of peribronchiolar fibrosis around the airways that can be 

associated with chronic inflammation, leading to damage of the airway epithelium and a 

dysregulated repair response (Van Den Berge et al., 2011). The loss of radial alveolar 

attachments, contraction of the fibrotic tissue and excessive mucus plugging leads to the 

narrowing of lumen and collapsing of the airways. This results in hyperinflation of the lungs 

that are unable to empty and causing air-trapping (Stockley et al., 2017; Thomas et al., 2013). 

The extent of airway narrowing is associated with the severity of COPD (McNulty & Usmani, 

2014; Hogg et al., 2007; Barnes et al., 2015). 
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Fibrosis is an important mechanism that is involved in the narrowing of small airways and 

evidence show that it can be an indicator of early development of COPD (Barnes, 2019; Hogg 

et al., 2017). The number of small airways in COPD decreases with decline of FEV1, and the 

narrowing and reduced number of terminal bronchioles are found without emphysematous 

destruction present (Hogg et al., 2004, 2013; McDonough et al., 2011). Evidence suggests the 

obstruction of small airways that leads to SAD is an early disease pathology (Galbán et al., 

2012). The narrowed and decreased number of small airways can contribute to 

emphysematous lung destruction, and thus can be an important pathology in early 

development of COPD (Hogg et al., 2017). 

 

1.1.3.3 Emphysema 
 
Emphysema is characterised by abnormal, permanent enlargement of airspaces including 

inflation of alveoli due to destruction of lung parenchymal tissue with loss of elasticity (Barnes 

et al., 2003; Hogg & Timens, 2009). This is driven by the increased levels and activity of 

proteases as a result of imbalance of protease and anti-protease activities (Petrache & 

Serban, 2022). Long term exposures of noxious smoke can result in increased recruitment of 

inflammatory cells. This includes macrophages, neutrophils and T-lymphocytes that can 

increase proteolytic enzymes such as cathepsins, matrix metalloproteinases (MMP) and 

neutrophil elastase (Owen, 2008; Petrache & Serban, 2022). This causes destruction of 

extracellular matrix components including elastin and collagen (Petrache & Serban, 2022). 

Thus, the elasticity of the lung is reduced and there is a lack of connective support network 

for the airways (Demkow & Van Overveld, 2010; Petrache & Serban, 2022). This leads to the 

airways collapsing and airspaces becoming inflated. The surface area of the alveolar and 

capillary are significantly reduced which leads to decreased gas exchange (Barnes et al., 2015; 

Demkow & Van Overveld, 2010).   

 

COPD is associated with chronic airway inflammation, increased number of inflammatory cells 

such as macrophages, neutrophils and lymphocytes (Barnes et al., 2015; Donnelly & Barnes, 

2012; Hogg & Timens, 2009). This is associated with chronic inhalation of pollutants, cigarette 

smoke and biomass smoke into the respiratory tract that can activate macrophages and 

airway epithelial cells (Barnes, 2016). This may promote an innate immune response via 
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pattern recognition receptors (PRRs) like toll-like receptors (TLR) (Brusselle, Joos & Bracke, 

2011). There are increased inflammatory mediators such as cytokines, lipids and peptide 

mediators, free radicals, chemokines and proteases that recruit immune cells whilst 

maintaining inflammation (Barnes, 2016; Mills, Davies & Devalia, 2012). Although innate 

(such as macrophages (Donnelly et al. 2010)) and adaptive (T and B lymphocytes) immunity 

are increased in the COPD lung, structural cells such as airway and alveolar epithelial cells, 

fibroblasts and endothelial cells are also activated (Barnes, 2016).  

 

1.1.4 Epithelial cells 
 
The airway epithelium is composed of columnar ciliated epithelial cells, goblet cells, club cells 

and basal cells (Figure 1.2) (Smyth, 2009; Crystal et al., 2008). This columnar epithelium is an 

essential tissue barrier that protects the lung from toxic particles such as those found in 

cigarette smoke and other inhaled irritants such as biomass fuel smoke (Barnes, 2016; 

Hiemstra et al., 2019; Knight & Holgate, 2003; Pickett et al., 2010). In response to the toxic 

exposure, airway epithelial cells are activated and promote pro-inflammatory mediators such 

as interleukin (IL)-1β, IL-6, granulocyte-macrophage colony-stimulating factor (GM-CSF) and 

chemokine (C-X-C motif) ligand (CXCL)8 (Gao et al., 2015). This leads to enhanced immune cell 

recruitment, increased transforming growth factor (TGF)-β, abnormal airway remodelling and 

further elevation of local fibrosis (Figure 1.2) (Takizawa et al., 2000; Barnes, 2016). Apoptotic 

epithelial cells are increased in the lungs of COPD subjects due to the destruction of the lung 

tissue and development of emphysema (Demedts et al., 2006; Hodge et al., 2005; Barnes, 

2016). Mucus hyperplasia and hypersecretion are common in COPD subjects which can be 

induced by the activation of epidermal growth factor receptor (EGFR) via oxidative stress 

(Barnes, 2016; Burgel & Nadel, 2004; Shao & Nadel, 2005). On the other hand, nasal epithelial 

cells are highly exposed to respirable inflammatory particles and nasal epithelial cells 

obtained from COPD subjects have been found to release increased levels of inflammatory 

cytokines, IL-6 and IL-8 (Comer et al., 2012).  
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1.1.5 Fibroblasts 
 
Fibroblasts are responsible for the production and maintenance of extracellular matrix, and 

repair function of the lung (Kendall & Feghali-Bostwick, 2014; Togo et al., 2008). In response 

to lung injury, fibroblasts are activated by inflammatory signals to spread into wound matrix 

and become proto-myofibroblasts (Li & Wang, 2011). Profibrotic cytokine mediators such as 

TGF-β trigger proto-myofibroblasts to express alpha smooth muscle actin (α-SMA) (Figure 1.2) 

and differentiate into myofibroblasts (Kendall & Feghali-Bostwick, 2014; Ball et al., 2016). 

Myofibroblasts have a role in remodelling processes and synthesise extracellular matrix (ECM) 

proteins such as collagen for would repair (Li & Wang, 2011).  

 

Fibroblasts are responsible for lung repair in COPD and their dysfunction can lead to aberrant 

remodelling of the airways. Fibroblasts play a role in ECM deposition in airway and 

parenchymal compartments in COPD (Annoni et al., 2012; Burgess et al., 2016; Kulkarni et al., 

2016; Woldhuis et al., 2020). There are different fibroblast phenotypes that are classified by 

location and function (Kotaru et al., 2006). Fibroblasts that are isolated from the airways can 

have different fibrotic characteristics and respond differently to stimuli compared with 

fibroblasts that are isolated from parenchymal tissue (Brandsma et al., 2013; Kotaru et al., 

2006; Pechkovsky et al., 2010; Hallgren et al., 2012). However, subtypes of fibroblasts can be 

present at the same location and thus show heterogeneity (Lynch & Watt 2018). Fibroblast 

phenotypes can also vary across different disease states and could contribute to disease 

(Plikus et al., 2021) but how this may differ in COPD is not known. 

 

In the COPD lung, there is an accumulation of activated fibroblasts and increased expression 

of α-SMA (Karvonen et al., 2013; Löfdahl et al., 2016). Fibroblasts from COPD lung 

parenchyma display a reduced repair and decreased contractility (Togo et al., 2008; Hallgren 

et al., 2012; Larsson-Callerfelt et al., 2013; Campbell et al., 2012) and migration towards 

chemoattractants (Togo et al., 2008; Larsson-Callerfelt et al., 2013). There is an increased 

expression of TGF-β in COPD airway epithelium and airway walls which is thought to be due 

to reactive oxygen species (ROS) from cigarette smoke (Figure 1.2). It is possible that small 

airway epithelial cells and macrophages are stimulated to release profibrotic mediators such 

as TGF-β that may trigger fibroblasts to secrete collagens including collagen type I alpha 1 
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(COL1A1) and collagen type III alpha 1 (COL3A1) and contribute to peribronchiolar fibrosis 

(Figure 1.2) (Barnes, 2019).  

 

1.1.6 Ageing 
 

Ageing is characterised by the progressive reduction of homeostasis that takes place once the 

reproductive phase of life is complete, leading to increasing risk of organ dysfunction, disease, 

or death (Ito & Barnes, 2009; Kyriazis, 2020). There are several hallmarks of ageing including 

 
 
Figure 1.2 Airway epithelium and fibroblast involvement in COPD pathophysiology 

Cigarette smoke and ROS interacts with the airway epithelium which consist of ciliated, 
goblet, club and basal cells. Activated epithelial cells releases inflammatory mediators and 
increase mucus hypersecretion, leading to chronic bronchitis. Epithelial cells release growth 
factors such as TGF-β and stimulate airway fibroblasts. Activated fibroblast express 
increased levels of α-SMA and enhance airway remodelling. Fibroblast also produce 
collagens such as COL1A1 and COL3A1, resulting peribronchiolar fibrosis. ROS: reactive 
oxygen species, TGF-β: transforming growth factor beta, α-SMA: alpha smooth muscle actin, 
COL1A1: collagen type I alpha 1, COL3A1: collagen type III alpha 1. Figure adapted from 
(Barnes, 2019; Love & Proud, 2022). 
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telomere attrition, epigenetic alterations, altered intercellular communication, cellular 

senescence and mitochondrial dysfunction (Schmauck-Medina et al., 2022). Somatic 

mutations and DNA damage can accumulate in cells with ageing, leading to reduction of 

cellular function (Ito & Barnes, 2009; Kennedy et al., 2012). Longevity and DNA repair are 

correlated, and it is suggested that the capacity of DNA repair is an important contributing 

factor to the rate of ageing (Ito & Barnes, 2009).     

 

The free radical theory proposes that ageing is due to the accumulation of oxidative damage 

to cells and tissues of the body (Wickens, 2001). During normal oxygen metabolism, molecular 

oxygen is reduced via oxygen phosphorylation which results in the formation of ROS. ROS are 

highly reactive and interacts with lipids, proteins and nucleic acid, and thereby induce damage 

to cellular components. Oxidative stress occurs when there is an imbalance of ROS and 

endogenous defences. The free radical theory of ageing postulates that the endogenous ROS 

can result in oxidative stress and drive progressive accumulation of mutations that induce 

detrimental damage (Guo et al., 2013).  

 

Increasing evidence suggests that COPD is a disease of accelerated ageing of the lung. 

Majority of COPD cases are diagnosed in adults that are over the age of 40 (MacNee 2016). 

The increasing rate of COPD deaths is associated with the growth and ageing of the population 

(Barnes et al. 2015). Lung function progressively deteriorates as age increases, leading to 

greater risk of breathlessness and higher prevalence of COPD in elderly people (MacNee, 

2016; Donaldson et al., 2002). Physiological changes of COPD lung such as enlargement of 

airspaces (senile emphysema) are also associated with ageing. Oxidative stress plays a key 

role in accelerated ageing phenotype (Warraich, Hussain & Kayani, 2020; Lin & Beal, 2003). 

Cigarette smoke contains highly unstable free radicals that can increase levels of ROS. In COPD 

lung, markers of oxidative stress are elevated, thus it is thought to be a major contributor to 

COPD pathogenesis as described by the free radical theory of ageing (Barnes, 2020; Kirkham 

& Barnes, 2013; MacNee, 2016). 
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1.1.7 Cellular senescence 
 
Ageing is postulated to occur due to cellular senescence. Cellular senescence is one of the 

driving mechanisms of COPD and is characterised by permanent cell-cycle arrest in response 

to different stressors such as replicative stress, DNA damage, oxidative stress and chronic 

inflammation (Muñoz-Espín & Serrano, 2014; Roger et al., 2021; van Deursen, 2014). 

Senescent cells are metabolically active and can influence the surroundings and communicate 

to neighbouring cells through secretory factors, thereby altering the behaviour of non-

senescent cells. Senescent cells exhibit distinctive morphological and molecular 

characteristics, and functions that distinguishes them from other non-dividing cell 

populations including quiescent and terminally differentiated cells (Roger et al. 2021). There 

is currently no single marker that can independently define senescence due to the complex 

and dynamic nature of senescence. Hence, a combination of senescent indicators is used to 

evaluate senescent phenotype such as changes in morphology, enhanced activity of 

lysosomal senescence associated β-galactosidase (SA-β-gal), and increased expression of cell 

cycle inhibitors (Rossi & Abdelmohsen, 2021).  

 

Senescent cells can be categorised into acute and chronic senescent cells (Van Deursen, 

2014). Acute senescent cells secrete the senescent-associated secretory phenotype (SASP) 

which includes cytokines and chemokines leading to immune cell recruitment and 

contributing to inflammation (Van Deursen, 2014). Chronic senescence is induced by the 

progressive increase in cellular stress or macromolecular damage over time that is not 

programmed and does not target a specific population of cells (Van Deursen, 2014). 

Therefore, senescence induction in tissue development and repair can be either scheduled or 

programmed process in response to specific stimuli that target specific cell types. While 

cellular senescence is thought to be protective against human disease, if senescent cells are 

not eliminated over time, they can damage surrounding tissue and spread senescent 

phenotype (Van Deursen, 2014). These senescent cells are unable to function normally and 

may result organ dysfunction, age-related diseases and shortening of lifespan (Baker et al., 

2008, 2011). Therefore, senescence is a key contributor to the pathogenesis of COPD.  
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1.1.7.1 Cellular senescence in response stressors 
 

1.1.7.1.1 Replicative senescence and telomere attrition 
 
Hayflick and Moorhead first described senescence as irreversible cell growth arrest in normal 

human diploid fibroblasts upon serial cell passage and defined this as replicative senescence 

(Hayflick and Moorhead 1961). Replicative senescence is driven by shortening of telomeres 

(Victorelli & Passos, 2017; Roger et al., 2021). These are regions of repetitive DNA sequences 

that are associated with specific proteins that protect the ends of chromosomes. During each 

cell division, a small portion of telomeric DNA is lost as DNA polymerase is unable to duplicate 

to the end of the chromosome (Campisi & D’Adda Di Fagagna, 2007; Shammas, 2011). 

Consecutive shortening of telomeres over multiple replication cycles results in the loss of 

gene encoding fragments (Rossiello et al. 2022). When the telomere length reaches a critical 

limit, the cells recognise this as damage and undergo senescence and/or apoptosis (Shammas, 

2011; Kumari & Jat, 2021). The rate of telomere attrition can be amplified under oxidative 

stress conditions (Roger et al. 2021). 

 

1.1.7.1.2 Stress-induced premature senescence (SIPS) 
 
Cells may undergo stress-induced premature senescence (SIPS) due to exogenous factors such 

as cigarette smoke, ionising radiation and chemotherapeutic drugs (Debacq-Chainiaux et al. 

2016; Raghuram & Mishra 2014). Increased levels of ROS and shortening of telomeres causes 

DNA damage and activate DNA-damage response (DDR) (Debacq-Chainiaux et al. 2016), 

which modulates ataxia telangiectasia mutated (ATM) and ataxia telangiectasia and Rad3-

related (ATR) kinases (Campisi & D’Adda Di Fagagna, 2007) leading to senescence.  

 

There are other cellular mechanisms where cells induce senescence as a protective response. 

For example, oncogene activation and inactivation of tumour suppressor genes to protect 

against cancer (Liu et al., 2018).  

 

1.1.7.2 Pathways associated with senescence 
 
The cell cycle is an ordered series of events leading to replication. Cyclic-dependent kinases 

(CDK) and cyclins control the cell-cycle progression via phosphorylation of target genes such 
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as the tumour suppressor protein retinoblastoma (Rb) (L. Ding et al., 2020; Malumbres, 2014). 

Activation of CDK or cyclins occurs via mitogenic signals and can be inhibited upon response 

to DNA damage (Malumbres, 2014; Suryadinata, Sadowski & Sarcevic, 2010). CDK-inhibitors 

function to block cells from progressing through the cell cycle and inhibit cell proliferation 

which can lead to senescence (Leontieva & Blagosklonny, 2013; Macip et al., 2002). There are 

several pathways that may interact to induce senescence, each with distinct regulatory 

proteins outlined below (Figure 1.3). 
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Figure 1.3 Pathways that lead to cellular senescence 

Replicative senescence involve the shortening of telomeres which can induce p16INK4a and 
ATM/ATR. Stress induced premature senescence involve ionising radiation, oxidative 
stress, hypoxia and chemotherapeutic drugs which promotes DNA damage and activates 
DNA damage response. DNA damage activates p16INK4a and lead to cellular senescence, 
while activated ATM and ATR kinases induces CHK1 and CHK2. CHK2 activates p53 and 
p21Cip1/Waf1, leading to senescence. In parallel, CHK2 and CHK1 inhibits CDC25A and 
activates cell cycle progression. ATM: Ataxia telangiectasia mutated kinase, ATR: ataxia 
telangiectasia and Rad3-related kinase, CHK2: checkpoint kinase 2, CHK1: checkpoint kinase 
1, CDC25A: cell division cycle 25A. Figure adapted from (Kumari & Jat, 2021; Mijit et al., 
2020; Karlsson-Rosenthal & Millar, 2006) 
 
 
 



36 | P a g e  
 

1.1.7.3 p53-p21Cip1/Waf1 pathway 
 

In the DDR pathway, the tumour suppressor protein 53 (p53, encoded by TP53) is activated 

by phosphorylation of p53 (Figure 1.3) and binds to its ubiquitin ligase MDM2. This results 

stabilisation of p53 and increased expression of cell cycle inhibitor p21Cip1/Waf1 (encoded by 

CDKN1A) (Abbas and Dutta 2009; Engeland 2022). However, transcription of p21Cip1/Waf1 can 

be modulated by p53-dependent or independent mechanisms (Abbas and Dutta 2009). p53-

mediated p21Cip1/Waf1 activation predominantly suppress the CDK2-Cyclin E complex, resulting 

in G1 phase cell cycle arrest (Figure 1.4) (Campisi & D’Adda Di Fagagna, 2007; Childs et al., 

2015; Muñoz-Espín & Serrano, 2014). Upregulation of p21Cip1/Waf1 is essential to initiate 

senescence mediated cell cycle arrest in response to various stimuli such as DNA damage and 

oxidative stress (Abbas and Dutta 2009). Thus, p21Cip1/Waf1 can inhibit the activity of CDK 1, 2, 

4 and 6, and thereby suppressing cell cycle progression at G1, S, G2 and M phases (Figure 1.4) 

(Campisi & D’Adda Di Fagagna, 2007; Kumari & Jat, 2021) 

 

1.1.7.4 p16INK4a pathway 
 

p16INK4a (encoded by CDKN2A) is a CDK-inhibitor that is required for maintaining the 

senescent state. It slows cell-cycle progression from G1 by inhibiting the S phase, leading to 

G1 cell cycle arrest (Figure 1.4) (Leontieva & Blagosklonny, 2013; Romagosa et al., 2011). 

Expression of p16INK4a exponentially increases with age until it reaches a plateau and inhibits 

CDK4/6-Cyclin D complexes (Figure 1.4), resulting cellular senescence (Muss et al., 2020; 

Rayess, Wang & Srivatsan, 2012). Increased levels of p16INK4a can be induced by ROS, DNA 

damage or telomere attrition (Figure 1.3) (Kumari and Jat 2021). The p16INK4a pathway can be 

independent or promoted in parallel to DDR (Childs et al., 2015; Jenkins et al., 2010; Marcoux 

et al., 2013). 

 

Cell cycle arrest in senescence can be modulated by the activation of p21Cip1/Waf1 and p16INK4a 

pathways in different phases (Figure 1.4). Although these complex pathways have varying 

upstream regulators and downstream effectors, they are interlinked (Kumari & Jat, 2021). The 

p53-p21Cip1/Waf1 pathway is important in senescence initiation, while p16INK4a pathway is 
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responsible for the transition and maintenance of senescent cell cycle arrest and expression 

of SASP (Childs et al., 2015). 

 

1.1.7.5 Cell division cycle 25 A (CDC25A) 
 

The cell division cycle 25 (CDC25) dual phosphatase family of proteins consist of three 

isoforms CDC25A, CDC25B and CDC25C. They remove the inhibitory phosphorylation on CDKs 

and modulate phase transition in the cell cycle (Nilsson & Hoffmann, 2000; Busino et al., 

2004). CDC25B and CDC25C are responsible for G2/M transition by dephosphorylating CDK1 

while CDC25A regulates G1/S and G2/M progression through dephosphorylation of 

CDK4/6/2/1 (Figure 1.4) (Busino et al., 2004; Sur & Agrawal, 2016; Boutros, Lobjois & 

Ducommun, 2007). Deactivation of CDC25A leads to reduced dephosphorylation of CDKs and 

suppresses cell cycle progression which facilitates checkpoint activation on DNA damage 

(Neizer-Ashun & Bhattacharya, 2021; Zhao et al., 2002). Reduced levels of CDC25A in 

senescence inhibits CDK2-cyclin E which is sufficient to trigger G1 phase cell cycle arrest and 

suppress S phase entrance (Figure 1.4) (Aressy & Ducommun, 2008; Sandhu et al., 2000). 

During DNA damage response, cell cycle checkpoints 1 (CHK1) and 2 (CHK2) suppress CDC25A 

to buffer time for repair (Figure 1.3).  
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COPD is associated with other chronic diseases such as cardiovascular diseases and metabolic 

bone disease (Barnes, 2017). Analysis of comorbidities in COPD subjects revealed that the 

majority of subjects had at least one comorbidity and more than 50% subjects had at least 

four comorbidities (Thi Xuan et al., 2020). It is suggested that these comorbidities may share 

common molecular pathways of accelerated ageing in COPD which could be spreaded via 

extracellular vesicles that carry microRNAs (miRNAs) (Eapen et al., 2019).  

 

 
Figure 1.4 CDK-cyclin complexes cell cycle transitions with involvement of CDC25, p16INK4a 
and p21Cip1/Waf1  

At G0 phase, quiescent cells re-enter the cell cycle. From G1 phase to the transition of S 
phase, dephosphorylation of CDK4-Cyclin D, CDK6-Cyclin D and CDK2-Cyclin A/E by CDC25A 
occurs. During G1 phase, p16INK4a also binds to CDK4/6 and inhibits CDK4/6-Cyclin D 
complexes formation. CDK inhibitor, p21Cip1/Waf1 binds to CDK4/6-Cyclin D, CDK2-Cyclin E/A, 
or CDK1-Cyclin A complex, and suppresses the catalytic activity of CDKs, causing cell cycle 
arrest in G1 or S phase. Progression through G1 and S phase, overexpression of p21Cip1/Waf1 

results in inhibition of CDK1-Cyclin B at G2/M transition. CDC25A, CDC25B and CDC25C are 
involved at the transition of G2/M where dephosphorylation of CDK1-Cyclin B takes place, 
activating mitotic entry. At the end of M phase, CDK1-Cyclin B and CDC25s degrade and the 
cell cycle reinitiates. CDK: Cyclin-dependent kinase, CDC25: Cell division cycle 25. Figure 
adapted from (Karimian et al., 2016; Brenner et al., 2014; Alberts et al., 2002) 
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1.2 MicroRNAs (miRNAs) 
 
MiRNAs are short non-coding RNAs that are typically 18-24 nucleotides in length (Dong et al., 

2013; MacFarlane & Murphy, 2010). The first miRNA identified was Lin-4 expressed in 

Caenorhabditis elegans (Lee, Feinbaum & Ambros, 1993). MiRNAs have been shown to 

regulate post-transcriptional gene expression of at least 60% of human protein-coding genes 

via interacting with target mRNA (Friedman et al., 2009; Dong et al., 2013; MacFarlane & 

Murphy, 2010). MiRNAs have an important role during development and other biological 

processes, and their dysregulation is associated with many human diseases (Cañas et al., 

2021; Condrat et al., 2020; Tribolet et al., 2020). MiRNA can act both intracellularly through 

binding to specific proteins such as argonautes (AGO) in the cytoplasm forming the RNA-

induced silencing complex (RISC), and also extracellularly following release into extracellular 

fluids and enter target cells by extracellular vesicles including exosomes and microvesicles (He 

& Hannon, 2004; MacFarlane & R. Murphy, 2010). As such, extracellular miRNAs may also 

regulate cell-to-cell communication (MacFarlane and Murphy 2010). 

 

1.2.1 Biogenesis 
 
MiRNAs exist as distinct transcriptional units within regions of the human genome 

(MacFarlane and Murphy 2010). MiRNA are transcribed by RNA polymerase II into primary-

miRNA (pri-miRNA) which are long RNA precursors of 300-500 bases (Ha & Kim, 2014; 

MacFarlane & Murphy, 2010; O’Brien et al., 2018). To date, miRNAs are either intragenic and 

processed from introns and exons of protein genes, or intergenic whereby they are regulated 

by their own promoters and transcribed independently of the host gene (O’Brien et al. 2018).  

 

In canonical miRNA biogenesis, pri-miRNA is cleaved by a complex comprising Drosha and 

DiGeorge Syndrome Critical Region 8 (DGCR8) which yields precursor-miRNA (pre-miRNA) 

hairpin structures containing 60-100 bases (Figure 1.5) (O’Brien et al., 2018; Westholm et al., 

2012). Pre-miRNA hairpins are exported from the nucleus into the cytoplasm in an Exportin-

5/RanGTP-dependent manner (Figure 1.5) (Rupani et al., 2013). This hairpin structure is 

cleaved by an RNase III enzyme, Dicer, with transactivation response element RNA-binding 

protein (TRBP) to form a miRNA duplex consisting of 5p (5’) and 3p (3’) strands (Figure 1.5) 

(Rupani et al., 2013). The proportion of 5p or 3p strands produced is dependent on the cell 
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type or cellular environment (O’Brien et al., 2018; Westholm et al., 2012). These duplex 

strands are loaded into the AGO family protein complex and one strand is discarded with the 

other binding to the miRNA-induced silencing complex (miRISC) (Figure 1.5) (Ha & Kim, 2014). 

The selection is predominately dependent on the thermodynamic stability at 5’ ends of 

miRNA duplex or 5’ UTR (untranslated region) at nucleotide position 1 (O’Brien et al. 2018). 

Thus, 5p is commonly known as the guide strand that is loaded into AGO due to the instability 

of the 5’ end or 5’ UTR. The unloaded strand known as the passenger strand unwinds from 

the guide strand via complementary mechanisms and is eventually degraded by cellular 

machinery (O’Brien et al. 2018). Depending on the tissue or cell type, miRNA-5p and -3p 

species can be co-expressed and become functional, but usually the more stable strand will 

be more functional (Choo et al., 2014; Mitra et al., 2015). Although non-canonical miRNA 

biogenesis pathways have also been reported that are independent of Drosha/DGCR8 or Dicer 

pathways, all miRNA biogenesis pathways result in the formation of a functional miRISC 

complex (O’Brien et al., 2018; Westholm et al., 2012; Winter et al., 2009).  
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1.2.2 Regulation of microRNA activity 
 
MiRNAs commonly bind to 3’-untranslated regions (3’UTR) of target mRNA to inhibit 

translation or, mRNA deadenylation or decappping (Figure 1.5). MiRNAs can also bind to 

mRNA via 5’UTR coding sequence leading to gene silencing, however transcription is activated 

when miRNAs bind to promoter regions (Gu et al., 2014; Lee et al., 2009). Depending on the 

interaction of miRNA with mRNA, the result is gene silencing via miRISC, translation activation 

or transcriptional and post-transcriptional gene regulation within the nucleus (Jungers & 

Djuranovic, 2022; O’Brien et al., 2018).  

 
Figure 1.5 Canonical pathway of microRNA biogenesis  

MiRNA genes are transcribed by RNA polymerase (pol) II or III into primary miRNA 
transcripts (pri-miRNA) in the nucleus. Pri-miRNA transcripts are cleaved by Drosha/DGCR8 
in the nucleus, forming hairpin structured precursor miRNA (pre-miRNA). Pre-miRNA is 
exported from the nucleus to cytoplasm by Exportin-5/RanGTP. In the cytoplasm, RNase 
Dicer/TRBP cleaves pre-miRNA hairpin to its mature miRNA length. Functional strand of 
mature miRNA is loaded together with AGO protein into RISC, where RISC silence target 
mRNAs via mRNA cleavage, resulting mRNA degradation or translational repression. 
DGCR8: DiGeorge syndrome critical region 8, RanGTP: Ran Guanosine triphosphate, TRBP: 
transactivation response element RNA-binding protein, RISC: RNA-induced silencing 
complex, AGO: Argonaute. Figure adapted from (O’Brien et al., 2018). 
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MiRNAs are involved in physiological processes including cell proliferation, growth, 

differentiation, metabolism, and apoptosis (Ardekani & Naeini, 2010; He & Hannon, 2004; 

MacFarlane & R. Murphy, 2010). They are important in regulating gene expression networks 

and stabilising developmental pathways. MiRNAs are also modulators of molecular pathways. 

Expression of miRNAs can be altered in response to environmental stimuli and have an 

important role in regulating the immune response. For example, through regulating pathways 

that involve inflammatory transcription factor nuclear factor kappa beta (NF-ĸB) (Wu et al., 

2018; Markopoulos et al., 2018).  

 

1.2.3 MicroRNAs in COPD 
 

MiRNAs regulate a variety of cellular processes and pathways in human disease states and 

disorders including age-related diseases (Ardekani & Naeini, 2010; Thalyana & Slack, 2012). 

Mutations, dysregulation or dysfunction of miRNA processing and subsequent effects on their 

targets can activate or suppress physiological and biochemical pathways in the development 

and progression of diseases such as COPD. Several miRNAs are implicated in the pathogenesis 

of COPD and their expression may contribute to the phenotypic heterogeneity of the disease 

(Ezzie et al., 2012; Osei et al., 2015; Zhuang et al., 2021). MicroRNA-21 (miR-21) and 

microRNA-34a (miR-34a) are upregulated in COPD subjects and may have an important 

regulatory role in COPD (Baker et al., 2016; Crunkhorn, 2022; Xu et al., 2018; Kim et al., 2021; 

Osei et al., 2015b; Velasco-Torres et al., 2019). Thus, this thesis is focused on these two 

miRNAs. 

 

MiR-21 and miR-34a targets were identified using miRNA databases (miRBase, 2019) and 

(TargetScan, 2021) which are target prediction programs. This enables identification of sites 

in the 3’UTR of mRNA matching miRNA seed, miRNA putative target sequences, presence of 

multiple miRNA target sites and thermodynamic stability of the miRNA-mRNA duplex. Whilst 

there are several algorithms available to identify miRNA targets, false positive results can 

occur. Therefore, it is necessary to experimentally validate miRNA-mRNA target pairs. The 

most common approach is by performing luciferase reporter assays.  
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Luciferase reporter assays are used to assess the activity of miRNAs-3’UTR in post-

transcription regulation of predicted target genes (Jin et al., 2013). To perform a luciferase 

reporter assay, 3’UTR reporter constructs that contain the predicted miRNA targeting 

sequence are used to recognise and characterise promoter and enhancer element function. 

An appropriate cell line is transfected with 3’UTR reporter constructs together with miRNA 

mimics or a non-target control sequence. The presence of luciferase assay reagent in the cell 

lysate leads to a luminescent signal being produced. A target is validated when there is a 

decreased luciferase activity due to the direct binding of the miRNA to 3’UTR sequence of its 

target mRNA. 

 

1.2.4 MicroRNA-21 (miR-21) 
 
MiR-21 is one of the first discovered and most studied miRNAs. It is abundantly expressed in 

mammalian cells and is located on chromosome 17q23.2 within the transmembrane protein 

49 (TMEM49) coding gene (Feng & Tsao, 2016; Jenike & Halushka, 2021). Pri-miR-21 is 

independently transcribed by its own promoter located in the intron of overlapping protein-

coding gene (Feng & Tsao, 2016). Pri-miR-21 is regulated by transcription activators including 

NF-κB, activation protein 1 (AP-1) and signal transducer and activator of transcription 3 

(STAT3), as well as transcription repressors such as nuclear factor I B (NFIB) (Figure 1.6) and 

B-cell lymphoma 6 (BCL-6) (Jiang et al., 2019b; Kumarswamy et al., 2011).  

 

MiR-21 has a crucial role in the inflammatory immune response by controlling “switch on/off” 

for resolution of inflammation and maintenance of homeostasis (Lu et al., 2011; Sheedy, 

2015). For example, damage or infection triggers activation of NF-κB and AP-1 which 

upregulate miR-21 to promote healing and restore homeostasis (Sheedy 2015). MiR-21 is also 

associated with age-related diseases and is a marker of inflammation during ageing and is 

known as an inflammamiR (Olivieri et al. 2021). High levels of miR-21 are exhibited in cells 

during ageing (Borja-Gonzalez et al., 2020; Kim et al., 2018; Olivieri et al., 2021), COPD 

(Crunkhorn, 2022; He et al., 2021; Kim et al., 2021; Qingchun et al., 2022; Zeng et al., 2018) 

and senescent cells (Dellago et al., 2013; Zhang et al., 2017).  
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1.2.4.1 Targets of miR-21 
 
MiR-21 suppresses many target genes including phosphatase and tensin homolog (PTEN) (Qin 

et al., 2012; Wu et al., 2017), programmed cell death protein 4 (PDCD4) (Bera et al., 2014; 

Frankel et al., 2008), CDC25A (Wang et al., 2009; Dellago et al., 2013) and NFIB (Dellago et al., 

2013) (Figure 1.6). These have been confirmed as direct targets of miR-21 by luciferase 

reporter assays. However, whether miR-21 regulates these targets in COPD pathogenesis is 

unclear. Therefore, these targets are explored in this thesis by manipulating levels of miR-21 

with mimics and antagomirs. 

 

1.2.4.1.1 Nuclear factor I B (NFIB) 
 
Nuclear factor I (NFI) is a family of transcription factors that is composed of NFI-A, -B, -C and 

-X. They bind to dyad symmetry on the DNA duplex as homo- or hetero- dimers to modulate 

gene expression which is dependent on the promoter region and the cell it is expressed in 

 
 
Figure 1.6 Regulatory network of miR-21 

Mature miR-21 is processed from pri-miR-21 to pre-miR-21. Mature miR-21 directly 
suppress target genes PDCD4, PTEN, CDC25A and NFIB. NFIB is also a transcription repressor 
that can suppress transcription of miR-21 by binding to its promoter. PDCD4 upregulates 
AP-1 which is a transcription activator of miR-21, along with STAT3 and NF-κB. PDCD4: 
programmed cell death 4, PTEN: phosphatase and tensin homolog, CDC25A: cell division 
cycle 25A, NFIB: nuclear factor I B, AP-1: activator protein, STAT3: signal transducer and 
activator of transcription 3, NF-κB: nuclear factor kappa B.  
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(Steele-Perkins et al., 2005). They have an essential role in development of many organs 

including lungs (Steele-Perkins et al., 2005). NFIB regulates apoptosis, senescence, and 

proliferation (Liu et al., 2019). It is known to directly binds to CDKN1A promoter and inhibit 

p21Cip1/Waf1 transcription to promote cell cycle progression (Liu et al., 2019). NFIB has a 

double-negative feedback loop relationship with miR-21 (Fujita et al., 2008). NFIB protein can 

bind to miR-21 promoter and suppress miR-21 transcription (Figure 1.6). Independent of NFIB 

suppression, miR-21 directly binds to 3’UTR of NFIB mRNA which leads to downregulation of 

NFIB gene expression and translation repression (Fujita et al., 2008). 

 

1.2.4.1.2 Phosphatase and tensin homolog (PTEN) 
 
PTEN is a tumour suppressor that negatively regulates the phosphatidylinositol 3-kinase 

(PI3K) / protein kinase B (Akt) signalling pathway (Song etal., 2012). PTEN dephosphorylates 

phosphatidylinositol-3,4,5-phosphate (PIP3) producing phosphatidylinositol-4,5-phosphate 

(PIP2) (Song et al., 2012). PTEN is downregulated in diseases associated with cigarette smoking 

(Cai et al., 2021; Barbieri et al., 2008) and in COPD (Yanagisawa et al., 2017). Loss or reduced 

levels of PTEN leads to lack of inhibition of PI3K/Akt which can induce cellular senescence 

through a p53-dependent pathway (Stambolic et al., 1998; Downes et al., 2007; Stiles et al., 

2004).  

 

1.2.4.1.3 Programmed cell death 4 (PDCD4) 
 
Programmed cell death 4 (PDCD4) modulates cellular transcription and translation through 

its two C-terminal MA-3 domains. These domains bind to eukaryotic translation initiation 

factor (eIF)-4A with (eIF)-4G to suppress eIFA activity which inhibits the translation of 5’UTR 

structured mRNAs (Lankat-Buttgereit et al., 2009; Yang et al., 2003). PDCD4 suppress 

translation initiation of many genes including p53 (Jiang, Jia & Zhang, 2017). PDCD4 inhibit 

AP-1-dependent transcription including transcription activation of miR-21 and lead to an 

autoregulatory loop between miR-21, PDCD4 and AP-1 (Figure 1.6) (Sun et al., 2018). PDCD4 

is an important regulator in apoptosis through direct suppression of procaspase-3 mRNA 

translation (Eto et al., 2012). Knockdown of PDCD4 suppress phosphorylation of 

retinoblastoma protein (Rb) through downregulation of Rb and CDKs, and upregulated 
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expression of p21Cip1/Waf1 via a p53-indepdendent pathway which inhibited cell growth and 

induced senescence (Guo et al., 2019). 

 

1.2.5 MicroRNA-34a (miR-34a) 
 

MicroRNA-34a (miR-34a) is located at chromosome 1p36.22 and its transcription is mainly 

regulated by p53, STAT3, NF-κB (Figure 1.7) and DNA methylation (J. Li et al., 2012; W. Li et 

al., 2021). MiR-34a is a tumour suppressor that is highly expressed in plasma and tumour 

tissues and is associated with prolonged survival. MiR-34a is also considered an inflammamiR 

and is associated with cellular senescence (Raucci & Vinci, 2020). Elevated levels of miR-34a 

are found in ageing (Badi et al., 2018; Boon et al., 2013; Raucci et al., 2021; Fulzele et al., 

2019), COPD subjects (Wrench et al., 2017; Baker et al., 2016; Velasco-Torres et al., 2019; 

Hayek, Kosmider & Bahmed, 2021) and senescent cells (Manakanatas et al., 2022; Xu et al., 

2015).  

 

1.2.5.1 Targets of miR-34a  
 
MiR-34a also modulates the expression of many target genes including neurogenic locus 

notch homolog protein 1 (Notch1) (Rui et al., 2018), phosphatase 1 nuclear targeting subunit 

(PNUTS) (Xia et al., 2020), sirtuin (SIRT) 1 and 6 (Baker et al., 2016) (Figure 1.7) confirmed by 

luciferase reporter assays. Previous studies have demonstrated that SIRT1 and SIRT6 are 

involved in COPD pathogenesis (Baker et al., 2016), thus these targets of miR-34a are further 

investigated in this thesis using mimics and antagomirs. 
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1.2.5.1.1 SIRT1 and SIRT6 
 
There are seven sirtuins (SIRTs) that belong to class III histone deacetylases. SIRTs are involved 

in nicotinamide adenosine dinucleotide (NAD)+-dependent histone deacetylation and 

adenosine diphosphate (ADP)-ribosylation of target proteins (Carafa et al., 2016; Grabowska 

et al., 2017; Zhang et al., 2022). They are localised differently within the cell, for example 

SIRT1 is found in the nucleus, cytoplasm and in mitochondria while SIRT6 is localised in the 

heterochromatin of the nucleus (Michan & Sinclair, 2007; Tanny et al., 1999; Aquilano et al., 

2010). SIRT1 and SIRT6 are involved in DNA repair, regulation of cellular stress resistance and 

protection from cellular senescence through deacetylation of cell cycle inhibitors, and 

transcription factors such as p53, forkhead box-O (FOXO) and NF-κB (Carafa et al., 2016; Chun, 

2015; Grabowska et al., 2017; Zhang et al., 2022). SIRT1 and SIRT6 are involved in modulating 

levels of antioxidants, SIRT1 regulates antioxidant levels via activating FOXO-3a and SIRT6 

promotes transcription factor, nuclear factor erythroid 2-related factor 2 (Nrf2) which 

regulates antioxidant genes. SIRT1 suppress p53-mediated senescence and directly inhibit 

 
Figure 1.7 Regulatory network of miR-34a 

Mature miR-34a is processed from pri-miR-34a to pre-miR-34a. Mature miR-34a directly 
suppress target genes SIRT1, SIRT6, PNUTS, NOTCH1. SIRT1 inhibits p53 which is a 
transcription activator of miR-34a, along with NF-κB. Transcription activator bind to miR-34a 
promoter to increase levels of miR-34a. Whereas transcription suppressor such as STAT3 
suppress transcription of miR-34a. SIRT1: sirtuin-1, SIRT6: sirtuin-6, PNUTS: phosphatase 1 
regulatory subunit, NOTCH1: Notch receptor, NF-κB: nuclear factor kappa B, STAT3: signal 
transducer and activator of transcription 3. 
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mammalian target of rapamycin (mTOR) which aid the restore of autophagy (Barnes et al., 

2019). SIRT1 and SIRT6 are associated with prolongation of lifespan and are downregulated 

in COPD subjects (Chun, 2015). SIRT1 and SIRT6 inhibits activation of NF-κB and thereby 

suppressing senescent-associated secretory phenotype (SASP) release (Barnes et al., 2019). 

 

1.2.6 COPD Treatment 
 
Currently there is no disease modifying therapy for COPD and there is no effective treatment 

that directly targets the underlying cause, due to the lack of understanding of cellular and 

molecular mechanisms (Barnes, 2007; Barnes et al., 2015). Therapeutics have been focused 

on reducing the symptoms rather than the cause (Barnes, 2007). Smoking cessation is the 

most effective treatment to reduce the decline in lung function which is advised for COPD 

subjects (Ellerbeck et al., 2018; Kanner et al., 1999; Barnes, 2007).  

 

Bronchodilator inhalers such as long-acting β-agonists (LABA) and long-acting muscarinic 

antagonists (LAMA) are often prescribed to COPD subjects to facilitate breathing by relaxing 

and widening the airways, and reducing hyperinflation (Malerba et al., 2019; A. Rossi et al., 

2008). In addition, inhaled corticosteroids or oral phosphodiesterase 4 (PDE4) inhibitors may 

be prescribed to those with frequent exacerbations or severe airflow obstruction to reduce 

inflammation (Falk, Minai & Mosenifar, 2008; Chong, Leung & Poole, 2017). Subjects with 

exacerbations can be prescribed antibiotics to treat bacterial infections, along with oral 

corticosteroids (Petite & Murphy, 2019; Bagge et al., 2021). Subjects with severe resting 

hypoxemia can be provided with oxygen therapy (Kent, Mitchell & Mcnicholas, 2011). In 

severe COPD cases, surgical intervention is used such as bullectomy, lung transplantation or 

lung volume resection therapy (Meyers & Patterson, 2003; Vogelmeier et al., 2017).  

 
MiRNAs are recognised as potential biomarkers for COPD diagnosis and prognosis (Bracke & 

Mestdagh, 2017; Hobbs & Tantisira, 2019; Salimian et al., 2017). They are considered as early 

biomarkers due to their upstream role in regulation. MiRNAs have greater stability compared 

to RNAs, they remain stable under conditions such as high temperature, low or high pH levels, 

pro-longed storage, and freeze thaw cycles (Hayes et al., 2014; Vescovo, 2014; Wright & 

Donnerstein, 2014). Thus miRNAs are attractive diagnostic and prognostic biomarkers. 
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Since each miRNA have multiple targets and can modulate translation of many genes in 

multiple pathways simultaneously, a small variation in miRNA expression can result in 

significant fluctuations physiologically (Lu et al., 2008). These small variation in miRNA 

expression is thought to have a significant contribution to the development and progression 

of COPD through targeting cellular and molecular pathways (Salimian et al., 2018). Therefore, 

it is important that there is a sensitive, rapid and low-cost detection system that can detect 

these small variations of miRNA expression.  

 

1.3 Detection of miRNAs 
 

1.3.1 Conventional MicroRNA detection methods 
 
There are several challenges associated with detecting miRNAs, including their short length 

and low abundance (Dong et al., 2013; Ouyang et al., 2019; Tian et al., 2015). Many miRNAs 

have similar sequences to other miRNAs or non-coding RNA (Ye et al., 2019), hence designing 

probes and primers for detection can be difficult to avoid crosstalk. Expression of miRNAs 

varies depending on the tissue, cell type, and biological processes which can complicate 

detection and analysis. While miRNAs are considered relatively stable, they can be degraded 

by RNase and there are other intracellular components within the sample including proteins 

and DNA that can interfere with the detection method and miRNA readout (Qian et al., 2017; 

Zhang et al., 2012). Most miRNA detection methods are semi-quantitative at best and 

performed on bulk samples. It is necessary to overcome these challenges when developing a 

detection method to study miRNA expression. Conventional methods to detect miRNA 

expression are detailed in the following sections (Figure 1.8): 

 

1.3.1.1 Northern blotting 
 
Northern blotting detects miRNAs based on their size and charge using gel electrophoresis, 

which are transferred to a membrane and hybridised with a labelled probe for detection 

Ouyang et al., 2019; Tian et al., 2015). This method can detect precursors and mature miRNAs 

without the need of specialised equipment and is comparatively cheap. However, it is not 

ideal for clinical samples due to large sample requirement and long experimental time 

(Ouyang et al., 2019; Tian et al., 2015). Therefore, this method has largely been substituted 

with quantitative polymerase chain reaction (qPCR) and RNA sequencing. 
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1.3.1.2 Reverse transcription quantitative polymerase chain reaction (RT-qPCR) 
  

Reverse transcription quantitative polymerase chain reaction (RT-qPCR) is the gold standard 

method for detecting miRNA expression. It is based on reverse transcribing miRNAs into 

complementary DNA (cDNA) followed by qPCR for amplification and detection of the cDNA 

(Forero et al., 2019). It is sensitive and specific to detect miRNA in a range of sample types 

including tissue, blood and serum (Poel et al., 2018; Ye et al., 2019). However, the limitations 

include lack of ability to multiplex and requirement of reference genes. There is also difficulty 

in designing probes and primers especially for miRNAs that are highly conserved or with low 

expression (Dong et al., 2013; Ouyang et al., 2019). Although RT-qPCR requires high sample 

purity and is unable to identify new expression profiles, it is commonly used to validate data 

performed by other detection techniques.   

 

1.3.1.3 Next-generation sequencing (NGS) 
 
Next-generation sequencing (NGS) provides a high-throughput miRNA analysis where miRNAs 

can be identified and quantified through simultaneous sequencing of many RNA fragments 

(Hu et al., 2017). NGS require library preparation where miRNAs are isolated and reverse 

transcribed to cDNA, then sequenced for identification and quantification of miRNAs (Dong 

et al., 2013; Ouyang et al., 2019). NGS is a highly sensitive method in detecting low-abundance 

miRNAs and provides quantitative readouts (Tian et al., 2015). There is a requirement of large 

amount of starting RNA and bioinformatic expertise (Hu et al., 2017; Kolanowska et al., 2018). 

However, it is not suitable for rapid clinical tests due to the time-consuming data analysis, 

high cost and potential bias from sequencing libraries (Ouyang et al., 2019).  

 

1.3.1.4 Microarray analysis 
 

In comparison with other conventional methods, microarray analysis is high-throughput, high 

speed, specific and cost-effective (Dong et al., 2013; Ouyang et al., 2019; Tian et al., 2015). 

Hundreds of miRNAs can be screened simultaneously in a single assay thus enabling 

expression patterns to be identified in different samples such as diseased vs. healthy samples 

(Ye et al., 2019). This technique can multiplex several miRNAs at once by microarray spotting 
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probes onto a solid surface where each probe is specific to a miRNA sequence (Juanes-Velasco 

et al., 2018; Ye et al., 2019). This method has a low sensitivity to detect miRNAs that are low 

abundance and requires probe design. Advances in this technique include improvements in 

sensitivity by signal amplification (Jet et al., 2021; Ouyang et al., 2019), enhanced specificity 

through probe designs (Ye et al., 2019), digital microarray for miRNA quantification (Kanik et 

al. 2022) and multiplex assays to detect multiple miRNAs (Li & Ruan, 2009; Ye et al., 2019). 

Furthermore, microarray technology can also integrate with other technologies such as 

microfluidics and NGS to improve detection and analysis of miRNAs (Govindarajan et al. 

2012).  

 

In most cases, these conventional methods lack sensitivity to detect miRNA that are in low 

abundance and thus, restrict their ability to detect and quantify miRNA expression. These 

methods often require a large sample which limits the study of rare and precious clinical 

samples (Dong et al., 2013; Tian et al., 2015). Additionally, these methods lack single cell 

resolution as bulk cell analysis is performed which only provides information on the average 

miRNA expression for the cell population.  

 

1.3.2 Detection of miRNAs at a single cell level 
 

Heterogeneity exists in cell morphology, composition, function and genetic behaviours even 

when the cells are indistinguishable (Altschuler & Wu, 2010; Gay et al., 2016; Rajaram et al., 

2018). Variability in miRNA expression can induce non-genetic intracellular heterogeneity 

(Wang et al., 2019) which can be a contributor to the development of human diseases and 

drug resistance (Petrovic et al., 2017). Single cell analysis of miRNA enables gene expression 

patterns in individual cells to be examined which can provide a more comprehensive 

understanding of miRNA regulation in complex biological processes.  

 

Traditional bulk cell analysis results an average expression for multiple cells that can mask the 

significant differences between individual cells within a population (Figure 1.8). By performing 

single cell miRNA analysis, rare cell types can be identified as well as cell-to-cell heterogeneity 

and dynamics of miRNA expression patterns in individual cells (Rajaram et al., 2018; Papalexi 

& Satija, 2018; Lähnemann et al., 2020; Valihrach et al., 2018; Heath et al., 2015). Studying at 
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a single cell resolution is particularly critical in the context of a disease as rare cell types or 

small subsets of cells can play an important role in the development and progression of a 

disease. Therefore, single cell miRNA analysis is an important tool for understanding the 

regulation of miRNAs in diseases and can aid the development of more effective diagnostic 

and therapeutic strategies towards precision medicine.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Several methods have been developed to enable the study of miRNAs at a single cell 

resolution as detailed below: 

 

1.3.2.1 Single cell RNA-sequencing (scRNA-seq) 
 
Single cell RNA-sequencing (scRNA-seq) is a high-throughput method for profiling gene 

expression in individual cells. This technique involves cell isolation, reverse transcription and 

cDNA amplification using PCR and, library preparation and sequencing  (Wang et al., 2019; 

Hu, Lan & Miller, 2017; Kolanowska et al., 2018; Hücker et al., 2021). This method can provide 

a comprehensive view of cell-to-cell heterogeneity and rare cell types. It allows precise 

analysis of miRNA-mediated gene regulation, discovery novel miRNAs and provides a 

 
 

Figure 1.8 MiRNA detection methods 

Conventional methods include Northern blotting, RT-qPCR, NGS and microarray, which all 
perform bulk cell analysis requiring large samples and provides semi-quantification. Single 
cell miRNA methods include scRNA-seq, flow cytometry, ISH and microfluidic devices. RT-
qPCR: real time quantitative polymerase chain reaction, NGS: next generation sequencing, 
scRNA-seq: single cell RNA sequencing, ISH: in-situ hybridisation. 
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comprehensive analysis of miRNA  (Buermans et al., 2010; Hu et al., 2017). However, the 

technique is relatively expensive and technically challenging, and requires validation and 

quality control to ensure accurate and reproducible results (Ouyang et al., 2019; Wu, 2018).  

 

1.3.2.2 In-situ hybridisation (ISH) 
 
In-situ hybridisation (ISH) enables visualisation of miRNA sequences in single cells and 

involves the specific miRNA probes labelled with fluorescent or chromogenic tags (Lu & 

Tsourkas, 2009; Ye et al., 2019). This technique is highly specific and provide high spatial 

resolution, allowing the location of the miRNA within a specific cell types or subcellular 

structures to be identified (Koo et al., 2016; Lu & Tsourkas, 2009). This method requires 

technical expertise for sample preparation, probe design and microscopy (Zhuang et al., 2020; 

Porichis et al., 2014). While ISH is amplification-free and is applicable for a range of different 

tissue types, it can suffer from low sensitivity, low throughput, subjective signal interpretation 

and limited quantification capabilities for miRNA expression (Jensen, 2014). Moreover, the 

lack of quantification, long assay time and high probe consumption limits the application in 

disease diagnosis and prognosis (Jensen, 2014; Veselinyová et al., 2021). 

 

1.3.2.3 Flow cytometry 
 
Flow cytometry enables analysis of individual cells based on their physical and chemical 

properties, which can be applied to study miRNA expression using fluorescently labelled 

specific miRNA probes (Lai et al., 2018; Porichis et al., 2014). This method can also sort 

individual cells depending on their miRNA expression and enables separation of specific cell 

populations for downstream analysis (Müller & Nebe-von-Caron, 2010; Porichis et al., 2014; 

Wu et al., 2013). However, this method has low specificity and, limited sensitivity and 

resolution for detecting small differences in miRNA expression between cells (Porichis et al., 

2014). Additionally, flow cytometers are expensive to operate, require technical expertise in 

sample preparation and require large number of cells (Porichis et al., 2014). Advances have 

been focused on adapting microfluidic systems to address some of these limitations (Porichis 

et al., 2014; Wu et al., 2013).  
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1.3.2.4 Microfluidic-based assays  
 
Microfluidic technology enables precise manipulation of fluids, cells, and small molecules 

(Berlanda et al., 2021; Niculescu et al., 2021; Xie et al., 2022). Several microfluidic-based 

assays have been developed to detect miRNAs using specific miRNA probes or primers which 

are highly sensitive in detecting miRNAs of low abundance (Kim et al., 2019; Lee et al., 2021). 

The assays can provide high throughput to analyse large number of cells in parallel, enabling 

rapid readouts for large cell populations (Y. Gao et al., 2020; S. Guo et al., 2018; White et al., 

2011).  

 

Due to the miniaturised characteristics of microfluidic systems, the minimal sample and 

reagent consumption are extremely beneficial when working with clinically scarce samples 

(Weigl et al. 2008). Compared to other methods, microfluidic-based assays provide a reduced 

experimental variability and enables integration of multifunctional units into the workflow 

with automation advantages (Frey et al., 2022; Ma et al., 2017; Weigl et al., 2008). Although 

the cost per microfluidic device is relatively cheap, it requires microfabrication and 

instrument operation that can be expensive and require specialised expertise (Niculescu et 

al., 2021; Berlanda et al., 2021).  

 

Microfluidic devices are transparent and allow optical observation of cellular dynamic 

processes by high resolution spectroscopies and real-time imaging techniques (Hansen, Hao 

& OShea, 2015; Coluccio et al., 2019). It can mimic complex processes by controlling the 

biochemical/biophysical parameters in vivo microenvironments that can aid predictions of 

cell behaviour. It can support multi-parameter analysis and design to perform for 

simultaneous analysis of numerous parameters such as miRNA, mRNA and protein 

expression, and cell morphology (Lin et al., 2019). Overall microfluidic-based assays can 

provide high-throughput, precise and enable efficient analysis of miRNA at a single cell level 

with potential application in human diseases, particularly when analysing primary cells that 

are difficult to obtain. 
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1.3.3 Microfluidic platforms for single cell analysis 
 

There is currently no microfluidic chip device that enables detection and quantification of 

single miRNA molecules expressed in a single cell level where cell isolation, lysis, detection 

and analysis can be performed on a single chip. This thesis focuses on the development and 

use of microfluidic-based approaches to study miRNAs in single cells for clinical samples. 

 

1.3.3.1 Microfluidic single cell isolation 
 
Several cell trapping techniques using microfluidic devices have been developed for single cell 

analysis. These can be divided into two main approaches, contact- or contactless. Contact-

based approach involve the cell being in contact with wells, walls, channels and trap regions 

during isolation which is usually driven by hydrodynamic force (Figure 1.9) (Deng et al., 2020). 

These include capillary-based trapping in microchamber devices (Bithi & Vanapalli, 2017; 

Hassanzadeh-Barforoushi et al., 2020), sedimentation-based trapping devices (Lin et al., 2015; 

Rettig & Folch, 2005), inertial-based trapping devices (Arakawa et al., 2011; Yeo et al., 2016) 

and microvalve-based devices (Eyer et al., 2012; Zhou et al., 2016). Whereas in contactless 

approach, cells are manipulated without being in contact with trap regions but facilitated by 

an external energy such as electric fields or magnetic fields (Figure 1.9) (Deng et al., 2020). 

Examples include dielectrophoretic trapping (Umemoto et al., 2011; Shake et al., 2013), gel 

trapping (Sun et al., 2010), magnetic trapping (Feng et al., 2018; Wang et al., 2013), acoustic 

trapping (Collins et al., 2014; Tang et al., 2016) and laser trapping (Matsuura et al., 2017; 

Bolognesi et al., 2018).  

 

Hydrodynamic trapping is a common technique that involves flowing a cell suspension 

through mechanical barriers or obstructions to isolate the target cell from the main flow 

(Figure 1.9) (Khalili & Ahmad, 2015; Banaeiyan et al., 2013). This technique enables cells to be 

manipulated without physical contact or adhesion to a substrate (Banaeiyan et al. 2013; 

Khalili & Ahmad 2015). This is a high throughput method as it enables analysis of large 

numbers of cells. However, there is a high risk of cells being damaged or lost which can be 

problematic when working with rare and precious cells (Jiang & He, 2018; Narayanamurthy 
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et al., 2017). Moreover, to isolate different cell types that differ in size, the dimensions of the 

microchannel may be required to be modified (Lv et al., 2022). 

 

For clinical samples, contactless cell trapping methods are preferred over contact cell trapping 

due to the low risk of cell damage, higher cell viability, greater flexibility in terms of the types 

of cells that can be trapped and ease of scale up for high throughput applications (Deng et al., 

2020). On the other hand, laser beams can also isolate individual cells in microchannels. 

Optical trapping (also known as optical tweezers) provides high precision to manipulate small 

particles by applying a force with a highly focused laser beam (Figure 1.9)  (Bustamante et al., 

2021; McGloin, 2006). This is minimal invasive trapping method that provides the ability to 

trap a wide range of particles including cells, viruses and microorganisms (Willison & Klug, 

2013; Hou et al., 2016; Bolognesi et al., 2018). Moreover, optical tweezers provide real-time 

monitoring of trapped particle(s) for studying stochastic processes in living cells (Arbore et al., 

2019; Burgin et al., 2014; Casey et al., 2015; Willison & Klug, 2013). For example, diffusion 

dynamics (Brownian motion) of molecules in presence of a solvent can be examined which 

can aid understanding of cells or biological molecules in response to certain stimulus in a 

microenvironment (Dholakia & Tatarkova 2003). 

 

1.3.3.2 Microfluidic single cell lysis 
 

Once individual cells are isolated in microchannels, the next step of single cell analysis is cell 

lysis to release the intracellular contents. The selected cell lysis method should ensure 

complete breakdown of cell membrane without altering cellular contents and be compatible 

with downstream applications such as miRNA detection. Compared to traditional methods, 

cell lysis performed on-chip significantly reduces the cell lysis time and increases cell lysis 

efficiency by 30% (Nandagopal et al. 2017). This is due to the decreased ratio of surface area 

to volume and active internal circulation in microfluidic flows (Grigorov et al., 2021; 

Nandagopal et al., 2017). The following are the common single cell lysis methods performed 

in microfluidic systems (Figure 1.9): 
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1.3.3.2.1 Chemical lysis  
 
Chemical lysis uses buffers to disrupt the cell membrane to release intracellular contents, 

usually detergents are added to lysis buffer to aid solubilisation of membrane proteins (Figure 

1.9) (Islam et al., 2017; Sharma et al., 2012; Ward & Fan, 2015). Alkaline-based lysis is suitable 

for a variety of cells, but it is an extremely slow process. While ionic detergents such as sodium 

dodecyl sulphate (SDS) can lyse cells within seconds but can lead to denaturing of cellular 

proteins. Milder non-ionic detergents such as zwitterionic detergent and Triton X-100 

provides a slower cell lysis and has minimal disruption to cellular proteins, RNA and enzymes 

(Brown & Audet, 2008; Grigorov et al., 2021; Islam et al., 2017). Devices are often designed 

with separate sample inlet and detergent inlet that converges into a reaction chamber where 

lysis occurs and leads to an outlet with syringe pumps attached to drive the fluids (Figure 1.9) 

(Grigorov et al. 2021). This method provides simplicity and ease of handling, but optimisation 

of the chemical is required for different cell type and sample medium (Islam et al., 2017; Jen 

et al., 2012). Moreover, this operates in the laminar flow characteristics within microchannels 

which can lead to poor mixing of the two fluids (Islam et al., 2017; Zhou et al., 2021).  

 

1.3.3.2.2 Mechanical lysis  
 
Mechanical lysis involves using a shear force to physically destroy the cell membrane to 

release the intracellular components (Islam et al., 2017). Most mechanical lysis methods rely 

on cells driven through sharp-edge nanostructures that act as obstacles within the device 

which eventually compress the cells and destroy the membrane (Figure 1.9) (di Carlo et al., 

2003; Grigorov et al., 2021). While this method is reagent-free, the size and number of point 

constrictions within the microfluidic device must be altered for the different types of cells for 

maximum recovery of intracellular components (Grigorov et al., 2021; Islam et al., 2017). 

Thus, the fabrication of the device can be complex and expensive.  

 

1.3.3.2.3 Electrical lysis 
 
Electrical lysis (also known as electroporation) involves exposing cells to an electric field to 

form transient pores in the cell membrane to the release of intracellular components (Figure 

1.9) (Chen & Yu, 2015, Zhou et al., 2021). Electrodes are integrated into microchannels to 
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create an electric field and when the potential reaches certain threshold, the pores form on 

the membrane (Figure 1.9) (Grigorov et al., 2021). In comparison to detergents, application 

of electric field has no effect on intracellular contents (Geng & Lu, 2013; Chen & Yu, 2015). 

Electroporation-based device has the same flow drive mechanism as mechanical- and 

chemical- based devices. The strength of the electric field can be adjusted depending on the 

cell size and shape. This lysis method is simple, fast, reagent-free and can be used for many 

types of cells (Brown & Audet, 2008). The drawbacks are the formation of gas bubbles and 

extreme pH conditions around the electrodes at high voltages (Grigorov et al., 2021). Thus, 

the design of the microchannel is critically important to ensure the distance between the 

electrodes is sufficient to generate a specific voltage while preventing gas bubbles produced. 

 

1.3.3.2.4 Thermal lysis 
 
Thermal lysis involves the use of high temperatures to denature membrane proteins to 

release the intracellular components (Grigorov et al., 2021; Islam et al., 2017). Micro-heaters 

and temperature sensors are integrated within lysis microchambers of the device to precisely 

monitor the local temperature (Figure 1.9) (Gorgannezhad et al., 2019). Thermal lysis is 

effective in microfluidic devices but is not suitable for large sample volumes (Grigorov et al. 

2021). This type of lysis relies on continuous flow, hence precise handling is required to 

prevent lateral effects such as development of high temperatures (Packard et al., 2013).  

 

1.3.3.2.5 Optical lysis 
 
Optical lysis uses fluid motion induced by a focused laser beam to rupture the cell membrane 

(Figure 1.9) (Grigorov et al., 2021). By directing a nanosecond pulse from 532 nm laser to a 

small spot, it induces a localised plasma formation (Brown & Audet, 2008; Rau et al., 2004, 

2006). This produces a cavitation bubble that expands and contracts, inducing fluid dynamic 

forces and rupture the cell membrane. Despite the high irradiance and creation of a plasma, 

studies have confirmed these processes does not alter the cell contents (Grigorov et al., 2021; 

Islam et al., 2017). This is an expensive technique compared to other methods. However, it is 

simple to opertate, reagent-free lysis, short lysis time, high lysis efficiency and suitable for 

many types of cells (Rau et al., 2004, 2006; Willison & Klug, 2013). Furthermore, this method 

provides high precision in cell selectivity for single cell analysis (Willison and Klug 2013).  
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Figure 1.9 Single cell isolation and lysis methods 

Single cell isolation can be separated into contact- and contactless- based approaches. 
Contact-based approach include hydrodynamic trapping, droplet-based and valve-based 
microfluidics. Contactless-based approach include optical, magnetic, dielectrophoretic and 
acoustic trapping. Once cells are isolated, the following step is single cell lysis. Single cell lysis 
methods include chemical, mechanical, electrical, thermal and optical lysis. Figure adapted 
from (Deng, Guo & Xu, 2020; Grigorov et al., 2021b; Islam, Aryasomayajula & Selvaganapathy, 
2017). 
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1.3.4 Microfluidic platforms for single cell miRNA analysis 
 

Droplet-based microfluidic platforms are commonly used to quantify miRNAs in single cells. 

This involves encapsulation of target miRNAs or individual cells into monodisperse water-in-

oil droplets that act as microreactors (Tian et al., 2016; Sun et al., 2022; Guo et al., 2018; 

Hindson et al., 2013). An example is ligation-based droplet digital PCR (ddPCR); encapsulation 

of single or few miRNAs into droplets containing DNA probes. MiRNAs are amplified by PCR 

to provide a fluorescence signal for each droplet (Tian et al., 2016). This method provides high 

specificity and selectivity but has limited capacity for multiplexing and is unable to detect 

miRNA of low abundance. Moreover, this method requires each cell to be manipulated 

manually which is labour intensive and time consuming.  

 

Similarly, an ultrahigh-throughput droplet microfluidic device has been developed to enable 

single-cell miRNA detection by encapsulating cells into a droplet containing DNA amplifiers 

(Guo et al., 2018). Cells are lysed within the droplet and released miRNA are thermally 

amplified to provide a fluorescent signals readout (Guo et al., 2018). This technique provides 

rapid identification of cells, however the fluorescent signal is an average miRNA expression 

determined from multiple cells which does not fully represent the cell-to-cell variation.  

 

On the other hand, a fluorescence and surface enhanced Raman scattering (SERS) dual-

response microfluidic droplet system detects miRNA expressed in individual cells without cell 

fragmentation (Sun et al., 2019, 2022). This method uses two microfluidic devices. First, the 

cells are encapsulated with nanoprobes into droplets within one chip. These droplets are then 

transferred into a readout chip for fluorescence imaging and SERS spectrometric 

determination of target miRNA. Although this method provides high sensitivity, it requires 

cells to be transitioned from one device to another that may affect cell viability.  

 

Generally, droplet-based microfluidic platforms provide high throughput, high scalability and 

ability to perform parallel analysis (Mazutis et al., 2013; Liu et al., 2022). However, the 

concerns are surface contamination, identifying suitable reagents, droplet volume limitation 

and inconsistency, high shear stress and multiplex assay integration challenges (Liu et al., 

2022; Mazutis et al., 2013; Sun et al., 2019; Zhou et al., 2021). The key limitation is cell 
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encapsulation efficiency as the encapsulation of the cells into droplets is random and is 

dependent on Poisson statistics, hence droplets can be empty or containing multiple cells 

(Zhou et al., 2021; Mazutis et al., 2013). Cells also can be lost or damaged during the process 

of encapsulation (Liu et al., 2022; Zhou et al., 2021), thus this method may not be suitable for 

studying rare or precious cells. Furthermore, this method is not suitable for detecting miRNA 

that are low abundance.  

 

MiRNA detection methods often use nucleic acid or signal amplification strategies to capture 

and detect miRNA sequences. These include rolling circle amplification (RCA) (Chen et al., 

2021; Zhang et al., 2021), strand displacement amplification (SDA) (Bellassai et al., 2022; Dave 

et al., 2019), hybridisation chain reaction (HCR) (Dave et al., 2019; Mingoes, et al., 2019) and 

enzymatic amplification (Dave et al., 2019; X. Gao et al., 2016). These amplification techniques 

enhance the sensitivity and specificity of detecting miRNAs, particularly the miRNAs that are 

expressed in low abundance. However, amplification can lead to technical variability and 

biases, and in some cases require optimisation for each target miRNA and specific cell type 

(Dave et al., 2019). Therefore, an amplification-free detection of miRNA is preferred for single 

cell miRNA analysis.   
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1.4 Hypotheses  
 

1. A microfluidic platform can be developed to quantify single miRNA molecules in single 

cells to determine the cell-to-cell variation of miRNA within cell populations. 

2. MiR-21 and miR-34a are upregulated in small airway epithelial cells and fibroblasts 

obtained from COPD subjects and have a regulatory role in COPD pathogenesis. 

 
 

1.5 Aims 
 

a) Design miRNA assay to integrate into a microfluidic platform to detect miRNA 

molecules in single cells 

b) Develop a workflow that enables quantification of miRNA in nasal samples obtained 

non-invasively  

c) Use the microfluidic platform to assess and quantify miR-21 and miR-34a expression 

in primary human cells and biofluid from COPD subjects and non-smokers 

d) Explore regulation of miR-21 and miR-34a in COPD small airway epithelial cells and 

fibroblasts by assessing their target genes and proteins 

e) Investigate the role of miR-21 and miR-34a in epithelial cells and fibroblasts under 

oxidative stress conditions 
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Chapter 2: Materials and Methods 
 

2.1 Materials  
 

Material Supplier 
(3-Aminopropyl)triethoxysilane APTES 80370 Merck Life Science UK Limited, 

Gillingham, UK 

(3-Glycidyloxypropyl)trimethoxysilane GPTS 440167 Merck Life Science UK Limited, 
Gillingham, UK 

miRNA21-Capture Oligonucleotide 
Probe 

21-capture - Eurogentec, Southampton, UK 

Biotinylated miRNA21-Capture 
Oligonucleotide Probe 

21-capture-
biotin 

- Eurogentec, Southampton, UK 

miRNA21-Reporter-Cy5 
Oligonucleotide Probe 

21-reporter - Eurogentec, Southampton, UK 

3-(4, 5-Dimethylthiazol2-yl)-2,5 
diphenyltetrazolium bromide 

MTT 475989 Sigma-Aldrich, Dorset, UK 

miRNA34a-Capture Oligonucleotide 
Probe 

34a-capture - Eurogentec, Southampton, UK 

miRNA34a-Reporter-Alexa488 
Oligonucleotide Probe 

34a-reporter-
488 

- Eurogentec, Southampton, UK 

miRNA34a-Reporter-Cy5 
Oligonucleotide Probe 

34a-reporter - Eurogentec, Southampton, UK 

384 well plate 
 

4309849 Thermo Fisher Scientific, UK  

946MP2 pin 50 µm tip 
 

946MP2 ArrayIt, California, USA  

Absolute 100% ethanol 
 

T038181000C
S 

Life-Technologies, Paisley, UK  

Absolute ethanol (coverslip cleaning) 
 

64-17-5 VWR, Lutterworth, UK  

Accutase 
 

423201 BioLegend UK Ltd, UK  

Acetic Acid 
 

64-19-7 VWR, Lutterworth, UK  

Acetone 
 

67-64-1 VWR, Lutterworth, UK  

Alconox® detergent 
 

Z273228 Sigma-Aldrich, Dorset, UK 

Amphotericin B 
 

15290018 Gibco, Invitrogen, Paisley, UK  

Anti-human CD3 (+) monoclonal 
antibody, Alexa Fluor®532 

 58-0038-42 Thermo Fisher Scientific, UK 
 

Anti-human CD326 (EpCAM) 
monoclonal antibody, Alexa 

Fluor®488 

 53-8326-42 Thermo Fisher Scientific, UK 
 

Anti-Mouse IgG, HRP-link antibody 
 

CST7076S Cell Signalling Technology,  
Leiden, Netherlands 

Anti-rabbit IgG, HRP-linked antibody 
 

CST7074S Cell Signalling Technology,  
Leiden, Netherlands 

Betaine 
 

61962 Sigma-Aldrich, Dorset, UK  

Biotin-PEG-SVA 
5000 mW 

 
- Laysan Bio Inc, Arab, USA 

  
Bovine Serum Albumin BSA A9418 Sigma-Aldrich, Dorset, UK 
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Bradford Reagent 
 

5000001 Bio-Rad, Hertfordshire, UK  

CDC25A (phospho S124) Rabbit 
Antibody 

 
ab156574 Abcam, Cambridge, UK  

CDC25A primer 
 

Hs00947994 Life-Technologies, Paisley, UK  

CDKN1A (p21Cip1/Waf1) primer 
 

Hs00355782 Life-Technologies, Paisley, UK  

CDKN2A (p16INK4a) primer 
 

Hs00923894 Life-Technologies, Paisley, UK  

Chloroform 
 

288306 Sigma-Aldrich, Dorset, UK  

Collagen 
 

C4243 Sigma-Aldrich, Dorset, UK  

Collagenase 
 

COLLA-RO Sigma-Aldrich, Dorset, UK  

Costar 6-, 24-, 96- well tissue culture 
plates 

 
FIS07-200-91 Fisher, Loughborough, UK 

Dimethyl Sulphoxide DMSO D2650 Sigma-Aldrich, Dorset, UK  

DNASE 1 
 

AMPD1 Sigma-Aldrich, Dorset, UK  

Dulbecco’s Phosphate Buffered Saline D-PBS D8537 Sigma-Aldrich, Dorset, UK  

Dulbecco's Modified Eagle Medium DMEM D5030 Sigma-Aldrich, Dorset, UK  

Eagle’s Minimum Essential Medium EMEM 11095080 Thermo Fisher Scientific, UK  

ECL Plus Development Solution 
 

RPN2124 GE Healthcare,  
Buckinghamshire, UK 

Film Photomask 
 

- Micro Lithography Services Ltd, 
Chelmsford, UK 

Foetal Bovine Serum FBS FB-1365 BioSera, Heathfield, UK  

Full Range rainbow molecular weight 
marker 

 
RPN800E GE Healthcare,  

Buckinghamshire, UK 

Glass coverslip  
(24 x 50 x 1.5 mm) 

 
631-9430 VWR, Lutterworth, UK  

Hank’s Balanced Salt Solution HBSS H8264 Sigma-Aldrich, Dorset, UK  

High-Capacity cDNA Reverse 
Transcription Kit 

 
4368813 Life-Technologies, Paisley, UK 

Human breast cancer epithelial cell 
line 

MCF7 HTB-22 ATCC, Teddington, UK  

Human breast cancer epithelial cell 
line 

MDA-MB-231 HTB-26 ATCC, Teddington, UK  

Human breast epithelial cell line MCF10A CRL-10317 ATCC, Teddington, UK  

Human bronchial epithelial cell line BEAS-2B CRL-9609 ATCC, Teddington, UK  

Human embryonic kidney epithelial 
cells 

HEK293 CRL-1573.3 ATCC, Teddington, UK  

Human lung adenocarcinoma cell line A549 CCL-185 ATCC, Teddington, UK  

Human non-small cell lung cancer 
epithelial 

H1975 CRL-5908 ATCC, Teddington, UK 

Hydrogen Peroxide H2O2 386790 Sigma-Aldrich, Dorset, UK  

iBlot 
 

IB21001 Life-Technologies, Paisley, UK  

iBlot Gel transfer stacks PVDF 
 

IB401001 Invitrogen, Paisley, UK  
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Keratinocyte Medium 
 

17005042 Invitrogen, Paisley, UK  

L-glutamine 
 

G7513 Sigma-Aldrich, Dorset, UK  

LHC-9 medium 
 

12680013 Invitrogen, Paisley, UK  

Lipofectamine RNAiMAX Reagent 
 

STEM00008 Life-Technologies, Paisley, UK  

Methanol 
 

268280025 Life-Technologies, Paisley, UK  

Methanol (coverslip cleaning) 
 

67-56-1 VWR, Lutterworth, UK  

Microscope immersion oil 
 

1.04699 Sigma-Aldrich, Dorset, UK  

Millipore Nuclease-Free Water 
 

11814051 Fisher, Loughborough, UK  

miRNeasy Mini Kit 
 

217084 Qiagen, Hilden, Germany  

mirVana™ miRNA inhibitors hsa-miR-
21 

 
MH10206 Life-Technologies, Paisley, UK  

mirVana™ miRNA inhibitors hsa-miR-
34a 

 
MH11030 Life-Technologies, Paisley, UK  

mirVana™ miRNA Inhibitor Negative 
Control #1 

 
4464077 Life-Technologies, Paisley, UK 

mir-Vana™ miRNA Mimic hsa-miR-21 
 

MC10206 Life-Technologies, Paisley, UK  

mir-Vana™ miRNA Mimic hsa-miR-34a 
 

MC11030 Life-Technologies, Paisley, UK  

mir-Vana™ miRNA Mimic Negative 
Control #1 

 
4464059 Life-Technologies, Paisley, UK 

mPEG/Biotin-PEG-SVA  
5000 mW 

 
- Laysan Bio Inc, Arab, USA  

NasosorptionTM FX·I swab device 
 

- Hunt Developments Ltd, 
Mucosal Diagnostics, UK 

NeutrAvidin® 
 

31000 Thermo Fisher Scientific, UK  

NFIB primer 
 

Hs00196143 Life-Technologies, Paisley, UK  

NFIB Rabbit Antibody 
 

ab186738 Abcam, Cambridge, UK  

Novex Tris-Glycine SDS Running 
Buffer 

 
LC2675 Invitrogen, Paisley, UK  

Novex Tris-Glycine SDS Sample Buffer 
(2x) 

 
LC2676 Invitrogen, Paisley, UK 

NuPAGE 4-12% Bis-Tris gel 
 

NP0321BOX Invitrogen, Paisley, UK 
  

NuPAGE LDS Sample Buffer 
 

NP0007 Invitrogen, Paisley, UK  

NuPAGE MES SDS Running Buffer 
(20X) 

 
NP0002 Life-Technologies, Paisley, UK  

NuPAGE MOPS SDS Running Buffer 
(20X) 

 
NP0001 Life-Technologies, Paisley, UK  

p16INK4a Rabbit Antibody 
 

ab108349 Abcam, Cambridge, UK  

p21Waf1/Cip1 Mouse Antibody 
 

CST2946 Cell Signalling Technology,  
Leiden, Netherlands 

PDCD4 primer 
 

Hs00377253 Life-Technologies, Paisley, UK  

PDCD4 Rabbit Antibody 
 

ab80590 Abcam, Cambridge, UK  

Penicillin/Streptomycin 
 

15140122 Invitrogen, Paisley, UK  
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SYLGARD® 184 Elastomer Kit 
Polydimethylsilane 

PDMS 634165S VWR, Lutterworth, UK  

Potassium Hydroxide KOH 26668.296 VWR International Ltd, 
Lutterworth, UK 

Protease and Phosphatase inhibitors 
 

4906845001 Roche, Welwyn Garden City, 
UK  

PTEN primer 
 

Hs02621230 Life-Technologies, Paisley, UK  

PTEN Rabbit Antibody 
 

ab154812 Abcam, Cambridge, UK  

QIAzol Lysis Reagent 
 

79306 Qiagen, Hilden, Germany  

RACK1/GNB2L1 primer 
 

Hs00272002 Life-Technologies, Paisley, UK  

Radioimmunoprecipitation assay lysis 
buffer 

RIPA R0278 Sigma-Aldrich, Dorset, UK 

RNase-free water 
 

10977015 Life-Technologies, Paisley, UK  

Roswell Park Memorial Institute 
Medium 

RPMI-1640 11875093 Thermo Fisher Scientific, UK 

Saline sodium citrate SSC S6639 Sigma-Aldrich, Dorset, UK  

SIRT1 (1F3) Mouse Antibody 
 

CST8469 Cell Signalling Technology,  
Leiden, Netherlands 

SIRT1 primer 
 

Hs01009006 Life-Technologies, Paisley, UK  

SIRT6 primer 
 

Hs00213036 Life-Technologies, Paisley, UK  

SIRT6 Rabbit Antibody 
 

CST2590 Cell Signalling Technology,  
Leiden, Netherlands 

Small Airway Epithelial Cell Growth 
Medium 

 
C-21070 PromoCell, Heidelberg, 

Germany  
Small nucleolar RNA, C/D box 48 

primer 
RNU48 001006 Life-Technologies, Paisley, UK  

Sodium Azide 
 

S2002 Sigma-Aldrich, Dorset, UK  

Sodium bicarbonate NaHCO₃ 62414  Sigma-Aldrich, Dorset, UK 

Sodium Chloride NaCl S9888 Sigma-Aldrich, Dorset, UK 
  

Sodium dodecyl sulphate SDS L3771 Thermo Fisher Scientific, UK  

Petri dish sterilin box  
(100 mm x 100 mm) 

 
391-2018 VWR, Lutterworth, UK  

SU-8 Photoresist 
 

2025500 A-Gas Electronic Materials Ltd, 
Rugby, UK 

Synthetic miR-21 Oligonucleotide 
 

- Eurogentec, Southampton, UK  

Synthetic miR-21 Oligonucleotide  
with 1 base mismatch 

 
- Eurogentec, Southampton, UK 

Synthetic miR-34a Oligonucleotide 
 

- Eurogentec, Southampton, UK  

TaqMan Gene Expression Master Mix TGE 4369016 Life-Technologies, Paisley, UK 

TaqMan miRNA assay  
hsa-miR-21-5p 

 002438 Life-Technologies, Paisley, UK 

TaqMan miRNA assay  
hsa-miR-34a-5p 

 000426 Life-Technologies, Paisley, UK 

TaqMan normal RNA Reverse 
Transcription kit 

 
4366597 Life-Technologies, Paisley, UK 
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Trichloro(1H,1H,2H,2H-
perfluorooctyl)silane 

 
448931  Sigma-Aldrich, Dorset, UK  

Tris-HCl 
 

51238 Lonza, Basel, Switzerland  

Triton X-100 
 

X-100 Sigma-Aldrich, Dorset, UK  

Trypan blue 0.4% 
 

15250061 Sigma-Aldrich, Dorset, UK  

Trypsin-EDTA Solution 
 

T4299 Sigma-Aldrich, Dorset, UK  

Tween-20 
 

P2287  Sigma-Aldrich, Dorset, UK  

β-Actin Mouse Antibody 
 

ab6276 Abcam, Cambridge, UK  

β-mercaptoethanol 
 

97622  Sigma-Aldrich, Dorset, UK  
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2.2 Methods 
 

2.2.1 Overview of microfluidic chip device 
 
The microfluidic antibody capture (MAC) chip was previously developed by members of 

Professor Klug’s laboratory for single cell proteomic studies (Burgin et al. 2014; Salehi-Reyhani 

et al. 2011). This microfluidic chip device is a miniaturised ELISA assay and single cell analysis 

is achieved by an ‘all-optical’ method (Salehi-Reyhani et al. 2011). This single cell microfluidic 

chip device was further developed in this thesis to integrate a miRNA sandwich assay to detect 

and quantify miRNA molecules in single cells. The following sections are the detailed design 

and fabrication, development, and protocol for single cell analysis of miRNAs. 

 

2.2.1.1 Device fabrication 
 
The microfluidic chip device consists of two components, the polydimethylsilane (PDMS) chip 

with microchannel designs and the glass coverslip microarrayed with capture probe. These 

two components are produced separately and then aligned to form complete microfluidic 

chip device. 

 

2.2.1.2 Microfluidic chip designs 
 
Three main microfluidic chip designs were used to develop the miRNA assay and for single 

cell experiments (Figure 2.1). To determine the optimal concentration of capture and reporter 

probes, an open chip with three or five wells was used to perform rapid probe screening. 

Standard microfluidic affinity capture chips consisted of a main channel 35 mm x 1 mm x 50 

µm perpendicularly connected to 55 chambers with dimensions of 300 x 300 x 50 µm and 

chamber volume of 4.5 nL. In each individual analysis chamber, a miRNA complimentary 

capture probe was microarrayed. To improve the limit of detection of the assay and the 

effective concentration of the analyte within the chamber, a microfluidic chip was designed 

with a reduced chamber size of 190 x 190 x 33 µm, chamber volume of 0.75 nL. To analyse 

more than one analyte of interest from the same cell within the same chamber, a BiMultiplex 

chip was designed with dimensions of 190 x 340 x 70 µm and chamber volume of 4.5 nL. In 

this system, two target miRNA complimentary capture probes were microarray printed within 

each chamber. 
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2.2.1.3 Microfluidic chip fabrication 
 
The PDMS chips were designed using 3D design software, AutoCAD (Autodesk®). These 

designs were commercially printed to form a photomask with high resolution optically 

transparent channel and chambers. SU-8 is a negative photoresist and upon irradiation with 

 
Figure 2.1 Different designs of microfluidic chips 

A) Open chip consisted six wells and each well with 80 capture spots. B) Standard chip 
consisted 55 chambers and chambers were microarrayed printed with a capture probe. C) 
Bimultiplex chip consisted 55 chambers and chambers were microarrayed with two different 
capture probes, A and B. 
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UV light the epoxy crosslinks and becomes insoluble in its developing solution. Negative epoxy 

SU-8 master was fabricated using photolithography techniques (Figure 2.2A), this containing 

the design of interest and acted as a master mould for PDMS chip to be formed using soft 

lithography process (Figure 2.2B). 

 

 
To produce the master mould, a silicon wafer was spin coated with 1 mL SU-8 under clean 

room conditions according to the manufacturer’s instructions (Figure 2.3). The wafer was spin 

coated at a speed dependent on SU-8 thickness, as well as the desired channel and chamber 

depth (Figure 2.3A). The SU-8 coated wafer was initially soft baked on hotplate at 65 C which 

gradually increased to 95 C (Figure 2.3B), the duration of soft bake adjusted according to the 

 

PDMS 

Photomask 

Silicon Wafer 

Master Mould 

PDMS 

Photolithography  
 
Manufacture of silicon 
wafer master mould 

Soft lithography  
 
Formation of 
superstructure PDMS chip 

PDMS 
chip  

B 

A 

Figure 2.2 Formation of PDMS chip via (A) photolithography and (B) soft lithography techniques 

A) Photomask with microchannel network design was etched onto silicon wafer using 
photolithography to form a master mould. B) PDMS polymer was cured on the master mould 
using soft lithography to form PDMS chip with a replicate of the design. PDMS: 
Polydimethylsilane 
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thickness of photoresist layer. A photomask was placed on top of SU-8 coated wafer and 

exposed to UV radiation (350 – 400 nm) (Figure 2.3C). Light was passed through the optically 

transparent design and allowed cross-linking of photoresist beneath (Figure 2.3D). The SU-8 

coated wafer was post-exposure baked on a hotplate initially at 65 C and then gradually 

increasing to 95 C to form the cured structure, the baking duration depended upon the 

desired thickness (Figure 2.3E). For example, to achieve a thickness of 50 µm with SU-8-2050, 

the wafer was baked at 65 C for 1 min and 95 C for 6 min. Once the design of the mask was 

visible on the photoresist, it was submerged and rinsed in developing solution (Figure 2.3F). 

Uncured SU-8 was removed by washing with developing solution to ensure only the 

photomask inverse design was imprinted.  The surface was then passivated via a silanisation 

process (Figure 2.3G), to prevent PDMS from adhering to the SU-8 master. The SU-8 master 

surface was coated with 1,1,2,2-perfluorooctyltrichlorosilane and hard baked on a hotplate 

at 150 C to cure the silane and evaporate any excess for 20 min (Figure 2.3H). 
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Figure 2.3 Photolithographic method to form SU-8 master mould for microfluidic chip 

A) Photocurable polymer SU-8 was transferred onto a silicon wafer and spin coated to form a 
uniform layer at a desired thickness. B) Wafer was soft baked at 65 and 95 °C to remove the 
excess solvent. C) Photomask was placed onto SU-8 silicon wafer. D) Exposed to UV light to 
allow the SU-8 underneath the transparent areas of the mask to crosslink and solidify in the 
desired pattern. E) Wafer was baked again at 65 and 95 °C. F) Wafer was submerged in a 
developer solution to remove un-crosslinked SU-8. G) 1,1,2,2-perfluorooctyltrichlorosilane was 
deposited onto the wafer and baked at 150 °C for silanisation. H) Final SU-8 master mould. 
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To produce PDMS chips with the desired design, PDMS polymer was cured on a SU-8 master 

mould using soft lithography process (Figure 2.3B). Pre-PDMS polymer was mixed with curing 

agent at 10:1 and transferred onto SU-8 master mould and degassed for 20 min to remove 

excess bubbles of air. PDMS was cured at room temperature for 48 h. Cured PDMS chips were 

carefully cut and removed from the SU-8 master mould. To create the inlet and outlet on 

either end of the PDMS chip microchannel, a biopsy punch and drill tip was used. The PDMS 

chip was washed with absolute ethanol and dried under nitrogen. PDMS chips were stored in 

sterile box at room temperature. The SU-8 master mould was washed with absolute ethanol 

to remove debris, dried under nitrogen and reused. To reuse the PDMS chips, the chips were 

washed with absolute ethanol and sonicated in Alconox detergent overnight. PDMS chips 

were washed with MilliQ water and absolute ethanol, then dried under nitrogen and stored. 

 

2.2.1.4 Glass surface preparation 
 
The second component of the device fabrication is the glass coverslip preparation that forms 

the base of the device. The coverslips undergo an extensive cleaning pre-treatment to ensure 

the surface is free of any artefacts such as fluorescent contaminants that can lead to a high 

background interference and obscure single molecule binding. 

 

Glass coverslips with dimensions 24 x 50 x 1.5 mm were placed into a Coplin jar and washed 

three times with MilliQ water. Coverslips were repeatedly rinsed with MilliQ water in between 

different solutions and sonicated in following solutions for different length of time: 20 min in 

1M potassium hydroxide, 5 min in MilliQ water, 15 min in acetone, 20 min in 1M potassium 

hydroxide and 20 min in absolute ethanol. Coverslips were then dried under nitrogen gas and 

stored at 4°C until chemical passivation. 

 

Chemical surface passivation was performed to minimise the non-specific binding of miRNA 

molecules and aid formation of oligonucleotide capture micro-spot. Two chemical passivation 

protocols were compared: (3-Aminopropyl)triethoxysilane polyethyleneglycol (APTES-PEG) 

and 3-Glycidyloxypropyl)trimethoxysilane (GPTS) functionalised surface (Figure 2.4). 
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2.2.1.4.1 APTES-PEG surface passivation 
 
Prior to the silanisation process, coverslips were rinsed three times with MilliQ water and 

methanol, and further sonicated with methanol for 20 min. Coverslips were immersed into a 

solution of APTES prepared with 1 mL APTES, 100 mL methanol and 5 mL acetic acid, and 

incubated in darkness at room temperature for 10 min. Coverslips remained immersed in the 

APTES solution and were sonicated for 1 min, then further incubated in darkness at room 

 
Figure 2.4 Chemical surface functionalisation on glass coverslip 

A) Glass coverslip functionalised with (3-Aminopropyl)triethoxysilane polyethyleneglycol 
(APTES-PEG) and coated with mPEG/Biotin-PEG-SVA and NeutrAvidin®. Biotinylated 
oligonucleotide capture probes were microarrayed onto NeutrAvidin® coated surface. B) 
Glass coverslip functionalised with 3-Glycidyloxypropyl)trimethoxysilane (GPTS) 
functionalisation were microarrayed with capture probe to open epoxide bond and form an 
amide bond. 
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temperature for 10 min. This enables the adsorption of a layer of alkoxylsilane molecules, 

coated with free amine groups on the glass surface (Figure 2.4A). Coverslips were washed 

three times with methanol and MilliQ water to remove unreacted APTES, then dried under 

nitrogen.  

 

PEGylation of the coverslips enabled the free amine groups to react covalently with PEG 

polymers that contained a Succinimidyl Valeric Acid (SVA) moiety (Figure 2.4). Coverslips were 

first functionalised with mPEG/Biotin-PEG-SVA. Coverslips were sandwich to another 

coverslip with 80 L of mPEG/Biotin-PEG-SVA solution (15 mg of Biotin-PEG-SVA and 50 mg 

of mPEG-SVA dissolved in 400 L of 1 mM sodium bicarbonate solution). Sandwiched 

coverslips were placed into a humidified sterilin box to incubate in darkness for 2.5 h. 

Coverslips were rinsed with MilliQ water and dried under nitrogen.  

 

Coverslips were further functionalised with NeutrAvidin® (Figure 2.4A) to facilitate the 

formation of microarray capture probe on the glass surface. 90 L of 0.01% (w/v) NeutrAvidin® 

in PBS solution was transferred onto PEG-biotinylated-coated coverslip and sandwiched to 

another coverslip. Sandwiched coverslips were placed into a humidified sterilin box to 

incubate in darkness for 1 h. Coverslips were rinsed with MilliQ water, then dried under 

nitrogen and immediately processed for microarray printing of biotinylated oligonucleotide 

capture probe. 

 

2.2.1.4.2 GPTS surface passivation 
 
Pre-treated coverslips were rinsed with absolute ethanol and dried under nitrogen. Coverslips 

were plasma treated for 1 min to increase the surface energy and facilitate the 

functionalisation. GPTS solution was prepared with 100 mL absolute ethanol, 5 mL acetic acid 

and 2.5 mL GTPS under nitrogen. Coverslips were immediately immersed into a Coplin jar 

containing prepared GPTS solution and incubated at room temperature in darkness for 10 

min and sonicated for 1 min. This step was repeated twice to form free epoxide groups on the 

surface (Figure 2.4B). Coverslips were rinsed three times with absolute ethanol and sonicated 

for 15 min to remove unreacted GPTS. Coverslips were dried under nitrogen and immediately 

processed for microarray printing of oligonucleotide capture probe. 
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2.2.1.5 Microarray printing 
 
Chemically functionalised coverslips were microarrayed with oligonucleotide probes to 

capture target miRNA within the microchamber of the chip device. OmniGrid Microarrayer 

was used to contact microarray print single row of 30-100 capture spots (Figure 2.5A). A 

946MP2 pin (ArrayIt) was used to form the desired capture microspots by drawing up a small 

quantity of printing solution through capillary action then depositing onto the surface (Figure 

2.5B). Prior to printing, the pin was washed in four-stages: rinsed with MilliQ water, sonicated 

in 1% (w/v) Alconox detergent solution for 30 min, rinsed with MilliQ water and sonicated in 

10% (w/v) ArrayIt printing solution. The pin was carefully placed onto the pin holder of the 

arrayer in a specific coordinate depending on the position of desired microspots. 

 

Printing solution was prepared and transferred into a single well of a 384 well plate at 1:1 

ratio, 6 µL of 2 µM capture probe of interest with 6 µL printing buffer; 6X saline sodium citrate 

(SSC) and 3M betaine. Microarrayer printing software, Axys, was used to design print 

programs that coordinated the robotic arm to dip the pin into the well and deposit onto the 

surface which matched the corresponding coverslip (Figure 2.5A). A pre-print step was 

introduced at the beginning of each printing run, depositing 30 spots on a pre-print coverslip. 

Capture spots were microarray printed at 40% humidity to achieve the desired spot size which 

is determined by the analyte density and the field of view of the microscope camera. This 

ensured that a high reproducibility of microarrayed spot morphologies were retained. Printed 

coverslips were used for device alignment or stored at 4°C for up to ten days. 
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Figure 2.5 Microarray printing of oligonucleotide capture probe onto functionalised surface 

A) Setup of the microarrayer is comprised of several components. Conveyor belt consist of a pin 
washing well and hold 12 coverslips including the pre-print slide under vacuum. Humidity and 
temperature controller is connected to a humidity sensor, humidifier, thermometer and 
electronic fan to maintain the desired printing conditions. The pin is held by a pin holder at a 
specific coordinate and is attached to the robotic arm which is controlled using a computer 
software Axys. B) The process of contact microarray printing is enlarged. (i) the pin takes up the 
printing solution from a filled well in the microwell plate (ii) this is deposited onto the coverslip 
surface via a capillary action (iii) this is repeated and a row of microspots of diameter 100 μm is 
printed. 
 

B

A
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2.2.1.6 Device bonding 
 
The final step of microfluidic chip device manufacturing process is the alignment of the PDMS 

chip and the microarrayed printed coverslip (Figure 2.6A). The PDMS chip was plasma treated 

for 1 min. This strips the electrons on the PDMS surface to enable strong Si-O-Si bonds to form 

between the PDMS and glass surface, reducing the risk of delamination. Under a microscope, 

a custom-built alignment jig that consist of x, y and rotational axis (Figure 2.6B) was used to 

align the PDMS chip with the coverslip such that there is one microspot per chamber (Figure 

2.6A). Once aligned, the jig base is lowered until the two components were in proximity of 

the contact bond. The complete microfluidic chip device was left to bond overnight and stored 

at 4°C until ready for experiment. 
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2.2.1.7 Single cell experiments 
 
The single cell protocol was previously developed by members of Professor Klug’s group for 

protein studies (Salehi-Reyhani et al., 2011). This protocol was modified for miRNA studies 

detailed in the following sections. 

 

2.2.1.8 Sample loading into the device 
 
The microfluidic chip device was passivated to avoid undesired non-specific binding of 

fluorophores and contaminants present on the glass surface within the chambers. Passivation 

solution was prepared with 4% (w/v) bovine serum albumin (BSA) in PBS (PBSA) and 2 M of 

 
Figure 2.6 Alignment of PDMS chip and microarrayed coverslip to form complete 
microfluidic chip device 

A) PDMS chip was aligned and bonded with microarray printed coverslip using a custom-
built alignment jig. For standard chip, each microspot was aligned with a microchamber. B) 
Alignment jig consist of x, y and z -axes for translation and a rotational axis (i) side view (ii) 
top down view. 
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fluorescently tagged reporter probe. 80 L of passivation solution was introduced into the 

inlet and outlet of the main channel. The device was degassed using a desiccator for 15 min 

to flow the solution along the main channel and into the chambers. The cell suspension was 

prepared with the sample mixed with 2 M of fluorescently tagged reporter probe in 4% (w/v) 

PBSA.  

 

The microfluidic chip device was placed onto the motorised stage of Nikon Ti-E inverted 

microscope with 60x, NA = 1.49 oil emersion objective. An electronic syringe pump (LabSmith) 

is connected to the inlet of the chip to introduce cell sample at flow rate 0.5-2 L/min. Once 

there were sufficient number of single cells in the main channel (~70 cells) confirmed under 

the microscope by eye, the pump was paused, and the cells were ready to be isolated into 

the chambers for single cell analysis. 

 

2.2.1.9 Single cell workflow and optical setup 
 

The single cell workflow involves three steps: optical trapping, optical lysis and single 

molecule read-out via total internal reflection fluorescence (TIRF) microscopy. A continuous 

wave ytterbium fibre laser at 1070 nm is used to optically trap cells (Figure 2.7). This laser is 

aligned with a pulsed Neodymium:yytrium-alumunium-garnet (Nd:YAG) laser at 1064 nm to 

the back aperture of the TIRF microscope for cell lysis (Figure 2.7). Single molecule readout 

from solid state continuum laser at 488 or 647 nm was used for TIRF microscopy (Figure 2.7). 
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2.2.1.9.1 Optical cell trapping 
 
Individual cells were selected and isolated into chambers by optical trapping which uses a 

highly focused laser beam that exerts a gradient force. At equilibrium, the gradient force and 

scattering force are equal and the cell is attracted to the centre of the beam to enable 

translation of the cell. (Figure 2.8). This laser beam is focused through an oil-immersion 

objective with an average power of 2.5 mJ for trapping of an individual cell along a 

microchannel into a small cubicle of the analysis chamber (Figure 2.8).  

 
 

Figure 2.7 Schematic diagram of the optics for the laser setup 

A number of mirrors are used to direct the lysis laser and trapping laser to the back aperture 

of the TIRF microscope. ND: YAG lysis laser consist of wavelengths  = 535 nm represented 

as a green beam and  = 1064 nm represented as a red beam. Visible laser beam  = 535 
nm is filtered through a long pass filter, reflected by a mirror, passed through a half-wave 
plate and polarising beamsplitter and reflected by another mirror before reaching the flip 

mirror. Trapping laser has a wavelength  = 1070 nm is reflected by two consecutive mirrors 
before reaching the flip mirror. The motorised flip mirror is rotated depending on whether 
the trapping laser or lysis laser is required. For trapping cells, the mirror is rotated to a ‘on’ 
position such that the trapping laser is bounced off the flip mirror perpendicular and 
directed into the periscope and then to the microscope. The mirror is rotated to an ‘off’ 
position for cell lysis so that the lysis laser passes directly into the periscope and microscope. 
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2.2.1.9.2 Hybridisation buffer 
 

After cells were isolated into chambers, excess cells in the device were removed by flushing 

the main channel with passivation solution (4% (w/v) PBSA and 2 M of reporter probe) using 

syringe pump. 50 µL of hybridisation buffer (5 µL of 200 µM reporter probe, 100 µL of 20X 

SSC, 100 µL of 0.05% (w/v) SDS, 100 µL of 4% (w/v) PBSA and 695 µL of nuclease free water) 

was introduced into the main channel at rate 10 L/min. The device was incubated in 

darkness for 20 mins to allow the buffer to diffuse into the chambers before performing cell 

lysis. 

 

2.2.1.9.3 Optical cell lysis 
 
The lysis laser was aligned such that the pulse targeted an area of the device and destabilises 

the medium (Figure 2.9). The short lived microplasma decays and the formation of a shock 

wave propagation creates a cavitation bubble (Figure 2.9). This bubble immediately expanded 

 
Figure 2.8 Optical trapping of a small dielectric particle such as a cell. 

Laser beam is focussed through objective lens which induces a spatial light gradient. 
Scattering force (Fscatter) moves the cell along the direction of the beam propagation and 
opposing gradient force (Fgradient) draws the cell towards the focal point of the laser. At 
equilibrium, the forces are equal and by translating the laser beam relative to the cell’s 
environment, the cell is trapped and isolated into the cubicle of the chamber. 
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in the medium within the chamber and sheer force rupture and tear close-proximity cell 

apart. This indirect cell lysis releases the intracellular contents into the chamber (Figure 2.9). 

Released target miRNA are captured by microarrayed spot and are bound to fluorescently 

tagged reporter probe, forming sandwich assays. The device was incubated in darkness for 

1.5 h to allow equilibrium to be reached and single miRNA molecules binding events were 

imaged using TIRF microscopy in time lapse of 20 min.  

 

 

2.2.1.9.4 Total internal reflection fluorescence (TIRF) microscopy 
 
MiRNA sandwich assays were quantified by a single molecule microscopy technique that 

utilises total internal reflection fluorescence (TIRF) microscopy (Figure 2.10). TIRF microscopy 

operates within an evanescent field that is induced above the surface and excites 

fluorophores 100 nm above the surface (Figure 2.10). The glass coverslip and the medium 

within the device have different refractive indices. When the device is illuminated, most of 

the incident light is totally reflected off the coverslip if the incident light hits the coverslip at 

or above the critical angle, c and a small intense field propagates through the coverslip. This 

 
 

Figure 2.9 Mechanical induced optical cell lysis 

A) Pulsed laser creates a plasma within the medium of the chamber. B) Shock wave from 
plasma induces a cavitation bubble. C) Rapid bubble expansion within the chamber indirectly 
lysis the cell and D) releases the intracellular content. 
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results in an evanescent wave and field propagates perpendicular to the normal and decays 

exponentially. This is explained by Snell’s law: 

 

𝜃𝑐 =  sin−1 (
𝑛1

𝑛2
) 

 

Where c is the critical angle and n1 and n2 are two media with different refractive indices. An 

electromagnetic (EM) field is induced known as the evanescent field which penetrates the 

medium and travels parallel to the coverslip surface. The intensity of the wave decays 

exponentially as it diverges away from the interface. This field only penetrates 100 nm above 

the surface into the medium.  

 

𝐼𝑧 =  𝐼0𝑒(−
𝑧
𝑑

) 

 

Where Iz is the intensity of the evanescent field at distance z away from the interface, I0 is the 

intensity at the interface and d is the depth of penetration. 

 

The evanescent field leads to a selective excitation of fluorophores at the coverslip surface 

(Figure 2.10). When the microfluidic chip device was illuminated only the bound miRNA 

sandwich assays tagged with a fluorophore were excited. The other unbound fluorophores 

were not illuminated and thus absence of downstream signal.  

 

(Equation 2.1) 

(Equation 2.2) 
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TIRF illumination is a solid state continuum laser at 488 and 647 nm that is connected to the 

microscope by an optical fibre. A motorised TIRF arm was built to orient the beam at a critical 

angle for total internal reflection. To control the angle, NIS Elements software (Nikon) was 

used such that the angle of incidence was oriented to reach the critical angle. For single 

molecule TIRF readout, NIS element software was used to setup the acquisitions. Prior to the 

chip passivation, the microarrayed spots were imaged and the coordinates within the 

chamber were recorded. These coordinates were reloaded onto the software and acquisition 

of each spot were imaged under TIRF at each stage of single cell analysis workflow; after cell 

were isolated, hybridisation buffer was introduced, and cells were lysed. Acquisitions were 

then taken every 20 min for 1.5 h for the system to reach its equilibrium. A filter was placed 

between the laser and optical fibre. Illumination was allowed during acquisition itself not 

during the stage translation. This prevents photobleaching over a long acquisition process. 

The images were recorded on EM-CCD camera with 900 ms exposure time.  

 
Figure 2.10 Differences between widefield fluorescence epifluorescence and total internal 
reflection fluorescence (TIRF) 

A) In epifluorescence upon illumination, the laser light is a directed column which travels 
through the whole sample and exciting all the fluorophores present in the path. B) In TIRF, 
an evanescent field is formed when TIRF angles the laser at or greater than the critical angle, 

c. The field decays exponentially from the coverslip surface and fluorophores within 100 
nm above the glass surface are excited. 
 



86 | P a g e  
 

2.2.1.10 Single molecule readout and data analysis  
 
The raw data collected were 512 x 512 pixels at 16-bit multi frame images. These images were 

processed and analysed using ImageJ (FIJI). There are three categories for analysing single 

molecule image which are non-congested, semi-congested and congested. Four macros were 

written by Dr Alastair Magness to analyse raw single molecule TIRF images. GDSC single 

molecule light microscopy (SMLM) plugins were developed by University of Sussex to perform 

gaussian peak fitting for non-congested images (Anon, 2016). A program was developed to 

define single molecule as any region of the image with a cluster of 4-9 pixels that qualifies a 

specific threshold. This includes the circularity of pixel cluster being greater than 0.5 and the 

pixel intensity equating to the mean background intensity + 3 times the standard deviation. 

Background intensity was calculated by selecting the top and bottom corners of the image 

that are distant from the capture microspot. Single molecule count and the mean single 

molecule intensity were calculated for the images. 

 

In congested images, single molecules were in close proximity to one another and single 

molecules were indistinguishable. In this instance, dividing the total image intensity by the 

mean single molecule intensity to determine the single molecule count is an inaccurate 

method. This procedure of determining the background count was oversimplified as it 

assumes that there are no single molecules present in the top and bottom corners of the 

image. However, this is often not the case as there are non-specific binding of single 

molecules in these regions. Thus, this leads to an overestimation of background intensity and 

underestimation of single molecules. Therefore, a more detailed approach was developed to 

consider the variation in the intensity of single molecule by taking into account the shape of 

intensity distribution. This determines whether the increase in intensity with cluster of pixels 

is due to real single molecule binding events taking place on the microspot.  

 

2.2.1.10.1 Non-congested image analysis 
 
There are several processing steps before peak fitting, the images were initially flattened to 

account for the non-uniform TIRF laser illumination profile across the image. The images were 

normalised to the apparent brightness of the fluorophores that are in different areas of the 

image. Raw images were divided by five images taken from control chambers without 
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microspots and in the same acquisition. The algorithm used was to determine a close 

approximation of the laser profile using this image stack.  

 
However, the flattening image process does not provide a perfect uniform intensity profile 

across the image, as it is necessary to consider other factors for the variation of intensity 

across an image. Other factors include scattering of laser light on PDMS chip edges and 

defocused autofluorescence. To account this, a rolling ball background subtraction algorithm 

was performed. This algorithm was written using a rolling ball with a large radius 

approximately 50 pixels that translates around the image and eliminates large artefacts that 

has a radius larger than the ball. The ball size was set such that large undesired artefacts are 

removed and useful relative intensity of single molecules remained unaffected. After the 

image was flattened and background subtracted using the rolling ball algorithm, the mean 

baseline noise level across the image was equated to zero to achieve an accurate single 

molecule count (Figure 2.11). This takes into consideration that the 32-bit float image from 

background subtraction and ‘dark’ pixels from image flattening. These contain intensity 

information, but it is insignificant in the presence of single molecule and can overestimate 

single molecules. Thus, baseline noise offset (BNO) was calculated from four corners of a TIRF 

image obtained from a chamber in absence of a microspot. This determined the average value 

for non-single molecule containing pixels which was subtracted from each TIRF image 

obtained from the same microfluidic chip device (Figure 2.11).  

 

Once these steps have been carried out (Figure 2.11), the total image intensity is an accurate 

representation of the single molecule fluorescence. The point spread function (PSF) was 

estimated such that the gaussian fitting follows an appropriate reference of a true single 

molecule. PSF estimator plugin within the GDSC SMLM toolset was used to perform 2D 

gaussian fitting. The plugin was approximated to the profile of single molecule by randomly 

selecting N peaks (N = 1000 by default) in the image and fitting the intensity distribution of 

surrounding pixels to the least-square gaussian function (Figure 2.11). This results average 

gaussian parameters for 1000 peaks as an initial point for future fittings. The process iterates 

until the deviations in parameters becomes negligible, then the single molecule count can be 

calculated for each image using GDSC Peakfit algorithm (Figure 2.11). For non-congested 

images, the single molecules were fitted to a gaussian function with an ideal profile identified 
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using the PSF process. The signal and width tolerance were adjusted and provided flexibility 

in the fit. To achieve the single molecule count of each image in the acquisition stack, the total 

number of peaks that fit the set criteria were added.  

 

 

2.2.1.10.2 Congested image analysis 
 
When there is a large amount of target miRNA molecules present within the analysis chamber, 

the single molecules in the image will be in proximity and the non-congested algorithm is 

unable to spatially resolve the single molecule binding events. Thus, congested image analysis 

was performed. Some images appear semi-congested when there are some areas of high 

levels of binding on the microspot. This is due to a non-uniform distribution of capture probe 

when microarray printing. Gaussian peak fitting algorithm for high signals can result in 

 
Figure 2.11 Flow chart for non-congested image analysis  

Figure adapted from (Magness, 2017) 
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misleading estimation of single molecules present. The average single molecule intensity 

(ASMI) analysis algorithm was written similar to the non-congested analysis.  

 

Images were flattened to take into consideration for the laser profile before using the large 

rolling ball (512 px cf. 50 px for non-congested images) to eliminate large artefacts present 

(Figure 2.12). The flattened and background subtracted image was subjected to a BNO that 

was calculated using the non-congested images obtained from the chambers without 

microspot (Figure 2.12). To calculate the total single molecules in each image, the total 

integrated intensity of the spot was divided by the mean single molecule intensity of a single 

fluorophore (Figure 2.12).  

 

2.2.2 Cell line culture 
 
SV-40 transformed human bronchial epithelial (BEAS-2B) cells and human lung 

adenocarcinoma (A459) cells were purchased from ATCC (Teddington, UK). BEAS-2B cells 

were cultured in keratinocyte complete medium (0.0317 mg/mL Human Recombinant EGF, 

15.7 mg/mL Bovine Pituitary Extract). Human breast epithelial (MCF10A) cells were purchased 

 
Figure 2.12 Flow chart for semi-congested and congested image analysis 

Figure adapted from (Magness, 2017) 
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from ATCC. Human breast cancer epithelial (MCF-7 and MDA-MB-231) cells, and A549 cells, 

were cultured in complete Dulbecco's Modified Eagle Medium (DMEM) (10% (v/v) FBS, 1% (v/v) 

L-glutamine, 1% (v/v) penicillin/streptomycin). Human embryonic kidney epithelial cells 

(HEK293) were cultured in complete Eagle’s Minimum Essential Medium (MEM) (10% (v/v) 

FBS, 1% (v/v) L-glutamine) and human non-small cell lung cancer epithelial (H1975) cells were 

cultured in Roswell Park Memorial Institute Medium (RPMI-1640) (10% (v/v) FBS, 1% (v/v) L-

glutamine).  

 

2.2.3 Subject selection for lung tissue samples 
 
Non-smokers, smokers and COPD subjects were recruited from the Royal Brompton Hospital 

Biomedical Research Unit (BRU), London. All volunteers were provided with informed, written 

consent in accordance with ethical approval obtained from NRES Committee South Central 

(Ethics number: 15/SC/0101) ethical approval. Human lung tissue samples were obtained 

from subjects undergoing pulmonary resection surgery, or tissue that were unsuitable for 

transplant. Exclusion criteria included active lung disease (excluding COPD), pregnancy or 

breastfeeding, positive allergy tests, or chest infection in the preceding six weeks.  

 

Research nurses carried out spirometry on all subjects to determine their lung function and 

smoking histories data were obtained from the hospital records. To test the airway 

reversibility of the subjects, lung function was measured before and after treatment with a 

bronchodilator (2.5 mg salbutamol). Forced expiratory volume in one second (FEV1) measures 

the volume of air exhaled in the first second after maximal inhalation. Forced vital capacity 

(FVC) measures the total volume of air exhaled forcibly after maximal inhalation. Values are 

represented as absolute values or percentage predicted for age, sex and height. 

 

2.2.3.1 Non-smokers 
 
Non-smokers were aged between 35 and 80 years, with no current or past medical history of 

respiratory conditions. These subjects had a normal baseline lung function, FEV1 :FVC ratio of 

>0.7 and post-bronchodilator FEV1% predicted >85%, and no present smoking history of less 

than 5 pack years (1 pack year equivalent to 20 cigarettes per a day for 1 year). 
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2.2.3.2 Smokers 
 
Smokers were aged between 35 and 80 years with no current or past medical history of 

respiratory conditions. These subjects had normal baseline lung function results, predicted 

for their age, height and sex, and a minimum smoking history of 10 pack years. 

 

2.2.3.3 COPD subjects 
 
COPD subjects were aged between 35 and 80 years and were diagnosed with COPD described 

by the Global Initiative for Chronic Obstructive Pulmonary Disease (GOLD) definitions (2019). 

These subjects had FEV1: FVC ratio <0.7 and were categorised into the GOLD stage based on 

their FEV1 values after being given bronchodilator: GOLD I FEV1  80%; GOLD II 50%  FEV1 < 

80%; GOLD III: 30%  FEV1 < 50%; GOLD IV FEV1 < 30%. All the subjects had a smoking history 

of minimum 10 pack years. 

 
 

2.2.4 Cell culture of primary human cells 
 
Small airway epithelial cells (SAEC) and fibroblasts (SAF) were previously isolated by members 

of Professor Donnelly’s laboratory using explant culture and enzymatic digestion of peripheral 

lung respectively (Baker et al., 2016, 2022). Briefly, to remove blood and macrophages, fresh 

human lung tissues were flushed with Hank’s balanced salt solution (HBSS). For SAF, 

approximately 2mm3 lung tissue samples were isolated from the airway tissue and placed into 

a T25 culture flask and cultured in fibroblast complete medium (DMEM, 10% (v/v) FBS, 1% (v/v) 

L-glutamine, 1% (v/v) penicillin/streptomycin, 1% (v/v) amphotericin) at 37°C in 5% (v/v) CO2. 

For SAEC, around 2mm3 divided lung tissue samples were suspended in HBSS containing 50 

U/mL DNASE 1 and 75 U/mL Collagenase. Tissues were digested using a vortex incubator at 

37°C for 35 min and agitated in supplemented medium (RPMI, 10% (v/v) FBS, 1% (v/v) L-

glutamine, 1% (v/v) penicillin/streptomycin, 1% (v/v) amphotericin. Resultant samples were 

filtered to remove larger tissue sections and centrifuged 350 x g for 10 min. SAEC supernatant 

was removed and cells were cultured in collagen pre-coated flask (3 mg/mL) with LHC-9 

medium. Cells were stored in liquid nitrogen for use in experiments.  
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2.2.5 Non-invasive nasal sampling 
 
Nasal sampling was obtained using NasosorptionTM FX×I swab. Synthetic absorptive matrix 

(SAM) device was placed inside lumen of the nostril, orientated to lie flat against the inferior 

turbinate, pressed onto nasal mucosa and held for 1 min to absorb mucosal lining fluid (MLF) 

(Thwaites et al., 2018). 

 

2.2.5.1 Healthy volunteers 
 
This study was provided a favourable review and ethics approval was granted by Imperial 

College Research Ethics Committee (ICREC; reference: 18IC4779). Participants provided 

written informed consent and were recruited via word of mouth and were given a participant 

information sheet. All participants were aged over 18 years and recruited from the staff and 

students at Imperial College London. All participants were non-smokers or ex-smokers (for 

10+ years). Those with underlying pulmonary/respiratory conditions (asthma, rhinitis, hay 

fever etc.) were excluded. Each participant was sampled a maximum of 5 times.  

 

Once the sample has been collected, the foam of the matrix was removed from the applicator 

and suspended in 150 µL of RPMI-1640 (no phenol red) in an Eppendorf tube. This was gently 

vortexed to aid cell detachment. 150 µL Accutase was added and incubated at 37 °C and 5% 

(v/v) CO2 for 6 min. The matrix was further vortexed and clipped to side of tube to ensure there 

was no contact with the solution, then centrifuged at 700 x g for 5 min. Resulting supernatant 

was collected and separated as nasal cells and fluid and were immediately analysed.  

 

2.2.5.2 Non-smokers and COPD subjects 
 
Nasosorption samples from non-smokers and COPD subjects were collected and processed 

by Dr Harriet Owles. SAMs were detached and immersed into 300 µL elute buffer (D-PBS, 1% 

(w/v) BSA, 0.05% (v/v) Tween, 0.05% (w/v) sodium azide), and vortexed for 30 s. The sample was 

centrifuged in Costar spin tube with 0.22 µm pore size at 16,000 x g at 4°C for 20 min. 

Supernatant was stored in -80 °C until analysis of miRNAs. 
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2.2.6 Measurement of gene expression 
 

2.2.6.1 microRNA extraction 
 
miRNAs were extracted using the Qiagen miRNeasy Mini Kit according to the manufacturer’s 

procedures. Cells were washed twice with PBS and 700 µL QIAzol Lysis Reagent were added 

to lyse the cells. Cell lysates were detached from the surface within the flask or wells on the 

plate using a cell scraper and transferred into a microcentrifuge tube, and then incubated at 

room temperature for 5 min remove bound proteins from nucleotide molecules. The 

homogenised cell lysate samples were stored in -80 °C until required.  

 

Samples were defrosted and 140 µL chloroform was added, then shaken vigorously for 15 s 

and incubated at room temperature for 3 min for consequent phase separation. Samples 

were centrifuged for 15 min at 12,000 x g at 4°C and warmed up to room temperature to 

enable samples to separate into three phases: colourless top phase (aqueous phase contained 

RNA), white interphase and red lower phase (organic phase contained proteins and DNA). The 

top aqueous phase was transferred into a new collection tube and 1.5 volumes of absolute 

100% ethanol was added. This was thoroughly mixed and transferred into RNeasy Mini spin 

column in a 2 mL collective tube and centrifuged at 8000 x g for 15 s at room temperature. 

To wash any impurities from the column, 700 µL of buffer RWT was added and centrifuged at 

8000 x g for 15 s at room temperature. Flow-through impurities were discarded after each 

centrifugation. The columns were washed with 500 µL of buffer RPE and centrifuged at 8000 

x g for 15 s, then repeated and centrifuged at the same speed for 2 min at room temperature. 

To remove any ethanol present and to dry column membrane, the columns were centrifuged 

for further 1 min. RNeasy mini columns were transferred into new 1.5 mL collection tubes, 30 

µL of RNase-free water was added and centrifuged at 8000 x g for 1 min to elute the RNA. 

Eluted samples were placed on ice whilst the concentration and purity of RNA were 

determined using Nanodrop 1000 spectrophotometer (Thermo Scientific) which measured 

the absorbance between the wavelength 260-280 nm. The ratio of these absorbance is used 

to assess the purity of RNA, ratio of ~2.0 are considered acceptable purity.  
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2.2.6.2 cDNA synthesis 
 
RNA were reverse transcribed and synthesised complementary DNA (cDNA) using a High-

Capacity cDNA Reverse Transcription (RT) Kit and manufacturer’s specifications were 

followed. For miRNA, 10 µL of reverse transcription master mix was prepared with Reverse 

Transcription buffer, RNAse inhibitor, dNTP mix, multiscribe and RT primer pool (RT target 

miRNA primer diluted in TE buffer). Similarly for mRNA, 10 µL of Reverse transcription master 

mix was prepared, with random primers and water in replacement of RT primer pool and 

RNAse inhibitor. RNA was diluted to a desired concentration of 1000 ng/µL in RNAse-free 

water with a final volume of 10 µL. To diluted RNA samples, 10 µL of the corresponding 

(miRNA or mRNA) reverse transcription master mix was added and briefly centrifuge to 8000 

x g. The samples were reverse transcribed using G-Storm thermocycler (Kapa Biosystems). For 

miRNA, the cycles were cycled at 16 °C for 30 min, 42 °C for 30 min and 85 °C for 5 min. For 

mRNA, the cycles were cycled at 25 °C for 10 min, 37°C for 2 h and 85 °C for 5 min. Samples 

were diluted in RNAse-free water prior to storage at -20°C. 

 

2.2.6.3 Measurement using real-time qPCR 
 
RT-qPCR master mix was prepared with 4.5 µL of TaqMan Gene Expression master mix and 

0.5 µL of primer of interest. On a 96-well reaction plate, 5 µL of RT-qPCR master mix and 5 µL 

of diluted cDNA sample were loaded in duplicate into each well. Small nucleolar RNA, C/D box 

48 (RNU-48) gene was used as the housekeeper gene for miRNA. For mRNA housekeeper gene 

receptor for activated protein C kinase 1 (RACK1) was used. Plates were sealed and 

centrifuged at 400 x g for 1 min. RT-qPCR was performed on 7500 real time PCR system 

(Applied Biosystems) for 40 cycles. For each gene, the critical threshold (ct) values were 

measured from the PCR reaction curves (Figure 2.13) and normalised to its housekeeper.  
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2.2.7 Measurement of protein expression 
 

2.2.7.1 Protein isolation and quantification 
 

A Bradford protein assay was performed to quantify proteins using a standard curve to 

extrapolate and determine the protein concentration from the samples. Briefly, the cells were 

washed with PBS and scraped into a microcentrifuge tube. Cells were pelleted by 

centrifugation at 1200 x g for 15 min at 4°C. The supernatant was removed, and the cell pellet 

was lysed with lysis buffer (1 mL radioimmunoprecipitation assay (RIPA) lysis buffer, 1/4 

protease inhibitor tablet). To agitate the pellet, the tubes were vortexed every 5 min for 20 

min and placed on ice during incubation. Cell lysates were centrifuged at 1200 x g for 15 min 

at 4 °C to pellet unwanted cell debris.  

 

 
Figure 2.13 A typical example of an amplification plot from PCR system 

Amplification curves usually presents three different phases. Initiation phase occurs during 
the first PCR cycles where emitted fluorescence is indistinguishable from the baseline. 
During exponential phase, fluorescence increases exponentially until the plateau phase is 
reached where there is no further increase in fluorescence is observed. Rn is the reporter 
signal normalised to fluorescence signal from the passive reference. ΔRn = (Rn+) – (Rn-) 
where Rn+ is Rn value of experimental reaction and Rn- is the Rn value of baseline signal 
generated by the instrument.  
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A Bradford assay was performed on a clear 96-well plate, BSA was used to form the standard 

curve. A range of BSA concentrations (0-2.5 µg/µL) were loaded in duplicate into each well of 

the first two columns and 2 µL of protein samples were added in duplicate into each well of 

the remaining columns. 200 µL of diluted Bradford reagent (ratio of 1:5 in distilled water) was 

loaded into all the wells that contained BSA or sample. The plate was incubated for 5 min at 

room temperature, and the absorbance was measured on a spectrophotometer at 

wavelength of 595 nm. Protein concentrations were calculated from the BSA standard curve 

(Figure 2.14). Sample buffer was prepared with 250 µL of NuPAGE LDS sample buffer and 10 

µL β-mercaptoethanol. Samples were transferred into new microcentrifuge tubes and diluted 

in sample buffer according to the pre-determined loading protein concentration for western 

blotting use.  

 

 

 

 
Figure 2.14 Bradford assay standard curve to determine unknown protein concentration 

Bovine serum albumin (BSA) was prepared to concentrations ranging from 0.1-2.5 µg/µL. 
Bradford protein assay reagent was added. Absorbance was read at 595 nm and plotted to 
provide a standard curve which unknown protein concentrations were extrapolated from. 
Data are represented as mean (n=3). 
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2.2.7.2 Western blotting 
 
Prepared samples in diluted NuPAGE LDS sample buffer and β-mercaptoethanol, were heated 

to 110 °C for 5 min to denature the proteins. Samples were placed into the fridge to cool prior 

to loading onto 10, 12 or 15 well NuPAGE 4-12% (w/v) Bis-Tris gels. A gel tank was setup with 

two gels filled with NuPAGE 3-(N-morpholino) propanesulfonic acid (MOPS)-SDS running 

buffer. Wells on the gel were washed with 50 µL of running buffer to remove excess gel. 

Samples and 5 µL Rainbow Ladder (GE Healthcare) were loaded into the wells. The gel tank 

was connected to power supply and proteins were resolved in the gels at 115 V, 115 mA for 

80-120 min. Gels were transferred to poly(vinylidene fluoride) PVDF membranes using iBlot 

drying blotting system (Invitrogen) The blot was washed with TBS-T (3% (v/v) NaCl, 1% (v/v) 

Tris-HCl, 0.5% (v/v) TWEEN-20 in distilled water) three times for 10 min at t room temperature 

on a rocker. After transfer, the membranes were rinsed with TBS-T. To reduce non-specific 

binding, the membranes were blocked with 5% (w/v) dried skimmed milk in TBS-T for 1h at 

room temperature on a rocker. Blots were washed and incubated with primary antibody 

corresponding to protein of interest diluted 1:1000 (v/v) in 5% (w/v) dried skimmed milk at 4°C 

overnight on a rocker. Blots were washed prior to incubation with HRP-conjugated secondary 

rabbit diluted 1:1000 (v/v) in 5% (w/v) milk at room temperature for 90 min on a rocker. Blots 

were then washed and incubated with 1 mL enhanced chemiluminescence (ECL) detection 

solution for 1 min at room temperature. A LI-COR Odyssey image acquisition system was used 

to image the developed membrane in 700 and Chemi channels and protein bands were 

analysed using Image Studio Lite software (LI-COR Biosciences). After imaging, the blots were 

rinsed with TBS-T and stored in a sealable plastic bag at 4°C. 

 

To detect and analyse another protein of interest, the blot was stripped before introducing a 

different primary antibody. The blot was immersed in 20 mL stripping buffer (62.5 mM Tris-

HCl, 2% (w/v) SDS, 100 mM β-mercaptoethanol) and heated at 50°C for 20 min with periodic 

rocking. The blot was washed with TBS-T three times for 15 min at room temperature and 

blocked with 5% (w/v) milk in TBS-T for 60 min. The blot was then incubated with a second 

primary antibody to protein of interest as described previously, diluted 1:1000 (v/v) in 5% (w/v) 

milk at 4°C overnight on a rocker. Once the blots were washed, they were incubated with 

secondary antibody for 60 min, washed again, imaged and stored as described previously. 
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2.2.8 Cell viability assay 
 
To measure cell viability, an indirect measurement of cell metabolic activity was performed 

by discarding the cell supernatant from cells on 96-well plate. Each well was loaded with 50 

µL of 0.1% (w/v) 3-(4, 5-Dimethylthiazol2-yl)-2,5 diphenyltetrazolium bromide (MTT) and 

incubated at 37°C with 5% (v/v) CO2 for 30 min. The yellow MTT reagent was absorbed by the 

cells and reduced to purple which indicated a metabolic activity. MTT was then removed and 

50 µL of DMSO was added to lyse cells and the plate was shaken briefly to mix. Absorbance 

was read at wavelength of 570 nm using a Spectromax photometer to quantify cell viability. 

The treated wells were normalised to the mean of non-treated control well, which was 

considered 100% viable.  

 

2.2.9 Statistical analysis 
 
Data were analysed on Graphpad Prism 9.4.0 (Graphpad, San Diego, USA) and Origin 9.0 

(OriginLab®, Northampton, USA) software. All data were expressed as individual raw data 

points, mean  standard deviation or mean  standard error. Statistical test and comparison 

between subject groups and treatment conditions are detailed in figure legends. A p-value of 

p < 0.05 was taken to be significant, representations *: p < 0.05, **: p < 0.01 and ***: p < 

0.001. 
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Chapter 3: Development of microfluidic microRNA assay 
 
 

3.1 Introduction 
 

The abundance of miRNA expression varies from cell to cell within the same cell population 

(Altschuler & Wu, 2010). Conventional miRNA detection methods (section 1.3.1) perform bulk 

cell analysis to provide an average expression readout for multiple cells that may not 

accurately represent individual cells within the population. These methods are also unable to 

identify cells that express extremely low or high amounts of miRNAs molecules which can be 

exhibited as outliers by single cell analysis. Since miRNAs are crucial regulators and cells are 

heterogenous in nature, it is important to absolutely quantify miRNA expression at a single 

cell resolution.  

 

Microfluidic technology enables precise manipulation of cells or fluids for single cell isolation 

and lysis, and analysis of released intracellular components (Fung, Chan & Wu, 2020; Streets 

& Huang, 2014; Huang et al., 2019). This technology is highly attractive for the detection of 

miRNA in clinical samples as single cell analysis can be performed at relatively low cost, with 

high throughput, rapid readouts, minimal sample and reagent consumption (Sun et al., 2020; 

Jammes & Maerkl, 2020). 

 

Microfluidic-based approaches allow measurement of miRNA in single cells. Often, this 

involve workflows that are performed on more than one microfluidic chip devices and require 

labelling or amplification. For example, a microfluidic flow-FISH assay has been developed to 

quantify miRNAs via flow cytometry using LNA probes with RCA signal amplification (Wu et 

al., 2013). There are also workflows that use a microfluidic device to encapsulate individual 

cells into droplets which are then transferred into another microfluidic device for signal 

readout. For example, cells are encapsulated into droplets with Triton X-100 and miRNA 

amplifier reagents on one chip and then these droplets are transferred into another chip that 

consists of a photomultiplier sensor to induce fluorescence readout signal (Guo et al., 2018). 

Another example uses a chip to encapsulate single cell with nanoprobes into droplets which 

are then fluorescently imaged and introduced into another chip for SERS signal detection (Sun 
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et al., 2022). Due to the low abundance of miRNAs expressed in cells (Degliangeli et al., 2014; 

Ragan, Zuker & Ragan, 2011), microfluidic detection systems often require nucleic acid or 

signal amplification (Guo et al., 2018; Wu et al., 2013) to improve the sensitivity and 

specificity. However, this may require complex sequence design and lead to false-

positive/negative results, particularly when miRNA sequences are similar. Currently, there is 

no single microfluidic device that can quantify miRNAs in single cells without amplification.  

 

A combined microfluidic optical platform termed a ‘microfluidic antibody capture’ (MAC) chip 

was previously developed to quantify proteins copy numbers in single cells with high precision 

and dynamic range (Burgin et al., 2014; Salehi-Reyhani et al., 2011). Several protein sandwich-

based assays were successfully developed including p53 (Burgin et al., 2014), FOXO-1 (Osman 

et al., 2021), FOXO-3a (Katsanovskaja, 2020) and c-Jun (Lu, 2018). This platform was also used 

to quantify Rubisco expression in single plant cells to distinguish between healthy and 

senescent Spinacia oleracea protoplasts (Mickleburgh, 2018; Mickleburgh et al., 2020). The 

MAC chip is designed as a network of microchannels connected to microchambers and within 

these chambers single cell isolation, lysis and analysis occurs. In this chapter, this microfluidic 

platform is further developed to detect miRNA levels expressed single cells that is 

amplification-free. This detection system is also demonstrated with a clinical application by 

integrating a non-invasive sampling method to analyse miRNA in small quantities of cells and 

fluid.  
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3.1.1 Hypothesis 
 
Absolute quantification of miRNA expressed in single cells can be achieved using a microfluidic 

chip device 

 

3.1.2 Aims: 
 

• Design a miRNA sandwich hybridisation assay with complimentary oligonucleotide 

capture and reporter probes 

• Investigate chemical surface passivation for microarray of capture probes 

• Optimise concentration of capture and reporter probes, and hybridisation buffer  

• Incorporate the miRNA sandwich hybridisation assay into microchamber for single cell 

analysis 

• Calibrate the miRNA sandwich hybridisation assay using known concentrations of 

synthetic miRNA for absolute quantification 

• Quantify basal levels of miR-21 and miR-34a in human cell lines using single cell 

analysis 

• Validate the miRNA sandwich hybridisation assay using miRNA mimics and antagomirs 

and perform single cell analysis in parallel with real-time qPCR analysis 

• Develop a workflow to detect levels of miRNA in nasal cells and fluid collected non-

invasively 
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3.2 Methods 
 

3.2.1 Open chip platform 
 
To rapidly screen different conditions in a micro-environment, open chips were fabricated 

and were used immediately. Coverslips were functionalised with APTES-PEG or GPTS surface 

passivation as described in section 2.2.1.4 and microarray printed with oligonucleotide 

capture probes (section 2.2.1.2). PDMS chip and coverslip components were aligned and 

bonded using a brightfield inverted microscope. Microarrayed capture spots were imaged 

using brightfield on the TIRF microscope to check the morphology of the spots were 

consistent and XYZ coordinates were recorded. Samples were prepared with hybridisation 

buffer and loaded into the wells of open chip device and incubated in darkness. Single 

molecules were imaged under TIRF at λ = 647 nm (section 2.2.1.9.4) every 5 min for 2 h and 

analysed (section 2.2.1.10).  

 

3.2.2 Synthetic microRNA sequences 
 
To test the specificity of miR-21 assay, synthetic miR-21 sequence, miR-21 modified 

sequences mismatched at base 1 and 22 (miR-21 1 m and miR-21 22m), and miR-34a 

sequences (Table 3.1) (Eurogentec Ltd, Belgium) were diluted to concentration 4.5 x 102 

molecules/nL in nuclease free water and introduced into separate wells of the open chip. 

 

 

 
Table 3.1 MiR-21 and its modified sequences at base 1 (1m) and 22 (22m), and miR-34a 
sequences (5’-3’) 
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3.2.3 Oligonucleotide probes 
 
To form miRNA sandwich hybridisation assays, capture and reporter probes were designed 

half complimentary to target miRNA sequence. Capture probe was designed to hybridise with 

target miRNA from 3’ end and sequenced with oligonucleotide d(T) 12 bases and C12 spacer 

(Table 3.2) as this had previously been demonstrated to provide high hybridisation yield and 

signal on immobilised surface (Clancy et al., 2017). For APTES-PEG functionalised surface, the 

capture probe was biotin labelled to bind to the surface. Reporter probe was fluorescently 

tagged with Cy-5 (λ=647 nm) or Alexa-488 (λ = 488 nm) (Table 3.2). 

 

To determine the optimum microarray capture spot concentration, miR-21 capture probe (21-

capture) was diluted with printing buffer to final concentration of 103, 104, 105, 106, 107, 108 

and 109 molecules/nL. The concentration of the fluorescently tagged reporter probe was 

optimised by performing a serial dilution in nuclease free water to achieve final concentration 

of 107, 108, 109, 1010 and 1011 molecules/nL. Capture and reporter probe concentrations were 

optimised using three well open chips and six well open chips respectively (Figure 3.1). 

 
Table 3.2 Capture and reporter oligonucleotide probes sequences (5’-3’) 
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3.2.4 Calibration 
 

To determine absolute number of miR-21 and miR-34a molecules, miR-21 and miR-34a assays 

were independently calibrated using synthetic sequences of miR-21 and miR-34a to enable 

single molecule conversion to absolute number of target miRNA molecules. Hybridisation 

mixture was prepared with 5 µL of 6.02 x 109 molecules/nL reporter probe, 100 µL of 20X SSC, 

100 µL of SDS and 100 µL of appropriate target miRNA concentration prepared by a serial 

dilution in nuclease free water from 200 µM stock solution. This mixture was introduced into 

the chip and incubated in darkness for 2 h to allow the hybridisation between the target 

miRNA and capture probe. One chip was used as a control to determine the background signal 

which only contained 21-reporter and hybridization buffer.  

 

3.2.5 Optimisation of hybridisation buffer  
 
To determine an optimal SDS concentration for single cell experiments, hybridisation buffer 

containing different concentrations of SDS 0.01-0.5% (w/v) were prepared. A cell viability assay 

 
Figure 3.1 Schematic illustration of open chip device to screen varying concentrations of 
oligonucleotide probes. 

A) 21-capture open chip consist of three wells. Within each well, different concentration of 
capture probe was microarrayed printed shown as different shade of blue. B) 21-reporter 
open chip contains six wells microarrayed with same concentration of capture probes and 
different concentrations of reporter probe were introduced into each well represented as 
different shade of green.  
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was performed on MCF-7 cells stained with trypan blue 0.4% (v/v) pH 7.3. After 3 min 

incubation, live/dead cells were imaged using light inverted microscope.  

 

3.2.6 Chemical Lysis 
 

Chemical lysis solution was prepared with 1% (v/v) Triton X-100 in hybridisation buffer and 

introduced into the main channel to enable diffusion of lysis buffer into microchambers. 

Single molecules of target miRNA were imaged using TIRF microscopy (section 2.2.1.9.4) every 

5 min for 2 h. 

 

3.2.7 Transfection of cells 
 

BEAS-2B cells were seeded on a 6-well plate at 2 x 105 cells/well in 2 mL serum containing 

keratinocyte medium. Cells were serum starved 16 h before transfection. Cells were 

transfected with 30 nM mirVana miRNA mimics (mir-Vana™ miRNA Mimic Negative Control 

#1, hsa-miR-21 MC10206 and hsa-miR-34a MC11030) and 60 nM mirVana miRNA inhibitors 

(mirVana™ miRNA Inhibitor Negative Control #1, hsa-miR-21 MH10206 and hsa-miR-34a 

MH11030) using Lipofectamine RNAimax for 24 h. Levels of miRNA were analysed by single 

cell analysis (section 2.2.1.9) and real-time qPCR (section2.2.5). 

 

3.2.8 Nasal fluid 
 

Nasal fluids obtained from healthy volunteers (section 2.2.5.1) were prepared with 60 µL of 

the processed nasosorption sample and 940 µL of hybridisation buffer. This mixture was 

introduced into the main channel of the standard microfluidic chip using electronic syringe 

pump with a flow rate of 2 µL/min (Figure 3.2). Microarrayed capture spots were imaged using 

TIRF microscopy according to section 2.2.1.9.4 in time lapse of 5 min whilst the device was 

incubated in darkness for 2 h. 

 

3.2.9 Nasal cells 
 

Nasal cells collected from healthy volunteers (section 2.2.5.1) were resuspended in 20 µL of 

RPMI-1640 (-) L-glutamine (no phenol red) with 5% (v/v) anti-human CD3 monoclonal 

antibody, Alexa Fluor®532 and 5% (v/v) anti-human CD326 (EpCAM) monoclonal antibody, 

Alexa Fluor®488. Nasal EpCAM+ epithelial cells and CD3+ T-cells were identified at 
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wavelengths, ʎ = 488 and 532 nm respectively and isolated into individual analysis chambers 

of the microfluidic chip (Figure 3.2) using an optical tweezer for single cell analysis described 

in section 2.2.1.9. 

 

3.2.10 MicroRNA extraction and real-time qPCR 
 

RNA was extracted, reversed transcribed into cDNA and gene expression of miR-21, miR-34a 

and RNU-48 were measured using qPCR described in section 2.2.6.  

 

3.2.11 Statistical analysis 
 

Data from real-time qPCR were analysed by ΔΔCT and presented as mean ± SEM using 

GraphPad Prism software (version 9.4.0). Data from single molecule analysis are presented as 

individual data points for each cell from single cell experiment or mean ± SEM for each sample 

using OriginPro software (version 2022). Statistical analyses are detailed in the figure legends.   

 
Figure 3.2 Workflow of nasal sampling and processing  

Nasal samples were collected from individuals using synthetic absorptive matrices (SAM) 
and eluted. Eluted sample was separated into cells and fluid, and processed on separate 
microfluidic chip devices. Nasal fluid samples containing free microRNA were introduced 
into the main channel and TIRF images were taken immediately. For nasal cells, epithelial 
cells were identified using EpCAM+ surface marker at ʎ = 488 nm and T-cells were selected 
using CD3+ surface marker at ʎ = 532 nm. These cells were isolated into an analysis chamber 
to perform single cell analysis. 
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3.3 Results 
 

3.3.1 Development of miR-21 assay 
 

3.3.1.1 Chemical surface passivation for microarray of oligonucleotide probe 
 

The first step of miRNA assay development involved optimising the surface chemistry of the 

glass interface for capturing of target miRNA and single molecule readout. Minimal non-

specific interactions between oligonucleotide probes and the surface were desired to 

maintain a low background signal. For glass surface microarrayed with oligonucleotide 

sequences, the two common passivation silanes are APTES-PEG and GPTS which were 

compared (Figure 2.4).  

 

Homogenous miR-21 capture spots were microarray printed on APTES-PEG or GPTS surfaces 

within an open chip device (Figure 3.3A). For both APTES-PEG and GPTS, the presence of 

hybridisation buffer showed a low level of non-specific interactions (Figure 3.3). However, 21-

capture microarrayed on GPTS surface had less non-specific binding, 85.9 ± 2.2 single 

molecules, compared to the biotinylated 21-capture probe microarrayed on APTES-PEG 

surface, 266.6 ± 16.2 single molecules (Figure 3.3B). The GPTS surface showed less crosstalk, 

171.8 ± 7.5 single molecules, compared to APTES-PEG surface, 284.5 ± 17.9 single molecules 

(Figure 3.3B). This could be due to the strong amide bond formation between the amino 

group of the capture probe and the epoxide ring of the GPTS surface.  

 

For both surfaces, synthetic miR-21-5p was loaded into a separate well that contained 

reporter probe, capture probe and hybridisation buffer. This was performed as a checkpoint 

to verify the hybridisation of these probes with miR-21 sequences and that the sandwich 

hybridisation could be detected. With the same concentration of miR-21-5p introduced into 

the wells, the GPTS surface had a greater capture efficiency of 82.2% and 3.7x104 ± 24.9  single 

molecules, compared to the APTES-PEG surface with capture efficiency of 2.35% and  1.06x103 

± 40.3 single molecules (Figure 3.3B) (n=3). The GPTS surface provided a lower background 

signal, higher signal to noise ratio and capture efficiency compared to the APTES-PEG surface. 

Therefore, future experiments were performed using GPTS passivated surfaces to ensure a 

high sensitivity for miRNA detection. 
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Figure 3.3 Comparison of chemical surface passivation GPTS (red) and APTES-PEG for 
microarray of oligonucleotide 

A) Schematic diagram of an open chip platform consisting of three wells comparing GPTS 
(Red) and APTES-PEG (Blue) passivated surfaces: first well with 21-capture probe, second 
well with 21-capture and 21-reporter probes, and third well containing 1.2 x 
106 molecules/nL miR-21 sequences with 21-capture and 21-reporter probes. TIRF images 
show single molecule binding events taking place on GPTS and APTES-PEG functionalised 
surface within the open chip. B) Bar graph of single molecules detected using the 21-capture 
microarrayed spots within the open chip. Open chips were incubated and imaged every 10 
min for 2 h. Data are presented as individual points and mean ± SEM (n=3) analysed by 
Kruskal-Wallis test with post hoc Dunns *** p <0.001 and **** p < 0.0001. 
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3.3.1.2 Specificity of miRNA assay 
  

Since miRNAs are short sequences that can be similar, it is important to show that the miRNA 

assays are highly specific for the capture and detection of the target miRNA. To test the 

specificity of this miRNA assay, miR-21 sequences were modified with one single-base 

mismatched at base 1 and 22 (5’). The miR-21 assay system was substituted with miR-21 1m, 

miR-21 22m or miR-34a sequences, however the single molecule count detected showed no 

significant differences compared to control (Figure 3.4). These sequences showed negligible 

changes on the single molecule and suggests that the miR-21 assay is specific for capture and 

detection of miR-21 sequence. 
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3.3.1.3 Optimisation of oligonucleotide probe concentration  
 
The number of single miRNA molecules detected is dependent on the presence of target 

miRNA molecules, but it is also dependent on the number of capture and reporter probes 

present. Hence, the concentration of the probes determines the limit of detection for miRNA 

assay. To optimise the capture probe concentration, an open chip device that consisted of 

 
 

Figure 3.4 Specificity of miR-21 sandwich assay  

A) Raw TIRF images of microarray spots showing negligible single molecule binding of 21-
capture and 21-reporter with miR-21 single base modification at position 1 (miR-21 1m), 22 
(miR-21 22m) and miR-34a. B) Bar graph of single molecule count detected on 21-capture 
microarrayed spots in an open chip device with miR-21 1m (Green), miR-21 22m (Purple) 
and miR-34a (Orange) sequences present in individual wells. Open chips were incubated and 
imaged every 10 min for 2 h. Data are presented as individual points and mean ± SEM (n=3). 
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three wells was used. The surface was passivated with GPTS and each well was microarrayed 

with 8 rows of 21-capture at different concentrations of 103-109 molecules/nL for 

simultaneous detection (Figure 3.1). Capture spots were microarray printed on the same print 

run to ensure reproducibility of microarrayed spot morphologies. Similarly, to optimise 21-

reporter probe concentration, an open chip device with six wells was used and each well 

contained different concentrations of 21-reporter 107-1011 molecules/nL. For the miR-21 

assay, the optimum concentration of 21-capture was 1.0 x 108 molecules/nL, with a capture 

efficiency of 84.6% (Figure 3.5A), and 21-reporter was 6.02 x 109 molecules/nL, with a 

hybridisation efficiency of 91.4% (Figure 3.5B).  

 

3.3.1.4 Hybridisation time 
 

To determine the time required for miR-21 assay to reach equilibrium within the 

microenvironment, synthetic miR-21 sequences, 1.2 x 106 molecules/nL, were introduced into 

 

Figure 3.5 Optimisation of miR-21 capture and reporter probes using open chip device 

A) Open chips consisted of 3 wells were used. Each well was microarrayed with varying 
concentrations of capture probes (1.0x103-1.0x109 molecules/nL). 6.02x1011 molecules/nL of 
reporter probe was introduced into the chip. B) Open chips consisted of 6-well were used. 
Each well was microarrayed with same concentration of capture probe (1.0x109 
molecules/nL) and different concentrations of reporter probe was introduced into the chip 
(6.02x107-6.02x1011 molecules/nL). Synthetic miR-21 sequence (1x108molecules/nL) was 
introduced into all open chips and TIRF images were taken every 5 min for 2 h. Non-linear 
regression function is plotted as red solid line. Data presented as a percentage of capture or 
hybridisation efficiency (n=3), where 100% is detecting 1x108 molecules/nL of miR-21 
sequences. 
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standard microfluidic chip. MiR-21 molecules were diffused from the main channel into the 

chambers and imaged at 5 min and every 10 min for 2h. An increase trend of miR-21 single 

molecule binding was observed over time and reaches an equilibrium ~60 min (Figure 3.6 A 

and B).  

 

3.3.1.5 Hybridisation buffer 
 

Pre-liminary experiments to detect miR-21 were performed using a hybridisation buffer that 

contained 0.5% (w/v) SDS as this concentration was previously reported to provide 

amplification-free detection of miRNAs (Clancy et al., 2017). However, 0.5% (w/v) SDS led to 

rupture of the MCF-7 cell membrane within the microenvironment before cells were isolated 

into chambers. To address this, a cell viability assay was performed using MCF-7 cells in 

 
Figure 3.6 Hybridisation time of miR-21 assay to reach equilibrium 

A) Brightfield image of 21-capture microarrayed spot and raw TIRF images of single molecule 
binding taken before lysis and post lysis at time 30, 60 and 90 min after cell lysis. B) Scatter 
graph of single molecule count at 5 min and every 10 min between 10-120 min after cell 
lysis. Data are presented as mean. Different colours represent different experimental 
repeats (n=3). 
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presence of hybridisation buffer prepared with different concentrations of SDS (0.01-0.5% 

(w/v)) (Figure 3.7). There was a decrease in cell viability of MCF-7 with increasing 

concentrations of SDS. Since there is a high cell viability of 95% and 92% in presence of 0.01% 

(w/v) and 0.05% (w/v) SDS respectively, the influence of SDS at these concentrations on miRNA 

capture efficiency in microenvironment was further assessed.  

 

The capture efficiency of miR-21 assay is greater with 0.05% (w/v) SDS compared to 0.01% (w/v) 

SDS (Table 3.3). This suggests SDS may influence hybridisation stringency and stabilise target 

miRNA hybridisation with complimentary oligonucleotide probes for detection. To maintain 

the high capture efficiency for the miRNA assay hybridisation buffer was prepared with 0.05% 

(w/v) SDS for future experiments. To prevent cells being damaged by SDS, the single cell 

workflow was also amended to isolate cells into chambers before introducing the 

hybridisation buffer to ensure cells were lysed in the analysis chamber (Figure 3.7B).  

 

 

 
Figure 3.7 Effect of sodium dodecyl sulphate (SDS) on cells 

A) Cell viability assay using MCF-7 cells with hybridisation buffer consisting different 
concentration of SDS 0.01-0.5% (w/v), (n=3). B) Updated single cell miRNA workflow to 
introduce hybridisation buffer into the microfluidic chip after single cell isolation.  
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3.3.1.6 MiR-21 Assay Calibration 
 
To absolute quantify single miR-21 molecules in the microchamber, the miR-21 assay was 

calibrated by introducing known concentrations of synthetic miR-21 sequences into the 

standard microfluidic chip. Batches of microfluidics chips were fabricated which resulted a 

batch-to-batch variation of 2.7%. These chips were loaded with different concentrations of 

synthetic miR-21 sequences 102-109 molecules/nL prepared with 21-reporter and 

hybridisation buffer. The calibration was performed in this manner, to minimise variations 

between assay microenvironments during the calibration and single cell experiments. A 

calibration curve was plotted to enable extrapolation of absolute number of miR-21 

molecules from the single molecule count detected in the TIRF images (Figure 3.8). The linear 

range is 4.5 x 102 to 4.5 x 107 molecules/nL with a lower limit of detection 4.5 x 102 

molecules/nL and background molecular count of 76 ± 2.45 molecules/nL (n=3) (Figure 3.8B).  

 
Table 3.3 Effect of SDS on capture efficiency of miRNA molecules   

Individual microfluidic chips were introduced with different known concentrations of 
synthetic miR-21 sequences (104, 105, 106 and 107 molecules/nL) and hybridisation buffer 
that contained either 0.05% or 0.01% (w/v) SDS with 2XSCC and 21-reporter. Single molecule 
count was calculated from the raw TIRF images. The capture efficiency is determined from 
the percentage of single molecules bound within the analysis chamber which is calculated 
by the single molecule count divided by the total number of molecules in analysis chamber. 
Data presented as mean (n=3). 
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Figure 3.8 Calibration of miR-21 assay in 4.5 nL analysis chamber 

A) Raw TIRF images of 21-capture microarray spots within an analysis chamber containing 
different concentration of miR-21. Calibration curves were fitted using a non-linear Hill 
function shown in green and a power function was plotted in a dashed blue line. Black 
dashed line represents 100% capture efficiency. Calibration for B) miR-21 assay (n=3). Data 
are presented as mean ± SEM. 
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3.3.2 Single cell experiments  
 

3.3.2.1 Cellular Lysis 
 

To ensure optical cell lysis does not interfere with miRNA molecules, chemical lysis was 

performed on the same sample of cells and single miR-21 molecules were compared. Once 

BEAS-2B cells were isolated and hybridisation buffer was introduced, a mild non-ionic 

detergent, Triton-X-100, was loaded into the main channel of the chip (Figure 3.9A). Cells 

were lysed by Triton-X-100 after 30 min (Figure 3.9B). No significant differences were 

observed between the number of miR-21 molecules expressed in BEAS-2B cells lysed optically 

compared to chemically (Figure 3.9C). This confirmed optical and chemical lysis techniques 

can disrupt cell membranes and liberate the cellular miRNA content within microchambers. 
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3.3.2.2 Cell Lines 
 
Having developed a miRNA assay system that can capture and detect single miRNA molecules 

within a microenvironment, next the sensitivity of assay was assessed to quantify miRNA 

 
Figure 3.9 Comparison of chemical and optical lysis on BEAS-2B cells using standard 
microfluidic chip. 

A) Workflow involves cells being first isolated into chambers followed by diffusion of 
hybridisation buffer and then chemical lysis and miRNA detection B) Brightfield images of 
an isolated BEAS-2B cell chemically lysed t = 0, 5, 10, 15, 20, 25 and 30 min. C) Single cell 
analysis of BEAS-2B cells, miR-21 molecules expressed in single BEAS-2B cells lysed 

chemically (light grey, ●) or optically (dark grey, ■) (i) Histograms of miR-21 molecules with 

solid line represent a gamma distribution fit to the data. (ii) Scatter plot with each data point 
represents the number of miR-21 molecules expressed in one BEAS-2B cell. The red line 
represents the mean. Data were analysed using Mann-Whitney U test.  
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expressed in different human cell lines. Single cell experiments were performed using the 

standard microfluidic chip on the following human cell lines; bronchial epithelial (BEAS-2B) 

cells, lung adenocarcinoma (A549) cells, non-small cell lung cancer epithelial (H1975) cells, 

breast epithelial (MCF10A) cells, breast adenocarcinoma (MCF-7 and MDA-MB-231) cells, and 

embryonic kidney epithelial HEK293 cells. For experimental repeats, cells were cultured in 

individual flasks at the same seeding density and passage number. Single miRNA molecules 

detected by TIRF microscopy were counted using non-congested algorithm and converted 

into absolute number of miR-21 molecules by extrapolation from miR-21 calibration curve 

(Figure 3.8). MiR-21 molecules expressed in seven human cell lines were captured, detected, 

and absolute quantification performed at a single cell level (Figure 3.10).  

 

Single cell analysis demonstrates the cell-to-cell variation of miR-21 levels within a population 

for different cell lines (Figure 3.10A). The distribution of miR-21 molecules expressed in 

adenocarcinoma human breast epithelial cells, MCF-7 (8.28 x 103 ± 70.9 molecules/cell, n=4) 

and MDA-MB-231 (1.18x104 ± 62.3 molecules/cell, n=4), and adenocarcinoma human alveolar 

basal epithelial cells, A549 (1.85 x 104 ± 390 molecules/cell, n=5) exhibited a greater 

heterogeneity compared to non-cancerous breast epithelial cells, MCF10A (1.24x103 ± 19.8 

molecules/cell, n=3) and bronchial epithelial cells, BEAS-2B (1.09x104 ± 46.0 molecules/cell, 

n=5) (Figure 3.10B). Levels of miR-21 in MCF-7, MDA-MB-231 and A549 cells displayed a 

greater cell to cell variation as demonstrated the by the long tail distribution due to the 

outliers (Figure 3.10A). Distribution of miR-21 molecules in H1975 (1.30x104 ± 9.1 

molecules/cell, n=3) and HEK293 (4.03x103 ± 82.5 molecules/cell, n=3) cell lines were also 

observed. 
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 A 

B 

Figure 3.10 Distribution of single miR-21 molecules expressed at a single cell level in various 
cell lines 

Single molecule count obtained from TIRF images were converted into absolute number of 
miR21 molecules/cell using miR-21 calibration curve. Basal expression of miR-21 in MCF10A 
(Pink; n=3), MCF7 (Red; n=4), MDA-MB-231 (Orange; n=4), BEAS-2B (Green; n=5), A549 (Light 
Blue; n=5), H1975 (Navy; n=3) and HEK293 (Purple; n=3) cells using single cell analysis. Each 
data point represents the number of miRNA molecules expressed in one cell. Experimental 
repeats (n) for the same population of cells are labelled 1-5. A) Distribution of miR-21 
expression measured in each chip. Solid black line represents a normal or gamma distribution 
fit to the data and the mean. B) Box and whisker plot for each cell line: whiskers represent 
standard deviation; box represents standard error and black line represents the mean. 
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3.3.3 MiR-34a Assay 
 

A miR-34a assay was designed with capture and reporter probes that are complimentary to 

half of the miR-34a sequence in a similar manner to the experimental design of the miR-21 

assay. To test the specificity of miR-34a assay, a 21-reporter probe was introduced into the 

microfluidic chip in the presence of known concentration of miR-34a sequences. This was 

compared with another microfluidic chip that contained 34a-reporter probe. There was 

negligible crosstalk between miR-34a or 34a-capture and 21-reporter probes (Figure 3.11). 

 

The miR-34a assay was calibrated using the standard microfluidic chip using known 

concentrations of synthetic miR-34a sequences. The miR-34a assay background molecular 

count was 90 ± 3.77 molecules/nL (n=3) and linear range is 4.5 x 102 to 4.5 x 107 molecules/nL 

with lower limit of detection 4.5 x 102 molecules/nL (Figure 3.12). 

 

 

 

Figure 3.11 TIRF images of miR-34a capture spot from two microfluidic chips 

Both chips were microarrayed with the same concentration of 34a-capture probe and 
introduced with same concentration of synthetic miR-34a sequences. One chip contained 21-
reporter probe (left) and another contained 34a-reporter probe (right). TIRF images were 
taken at 60 min. 
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Once the miR-34a assay was developed and calibrated, the sensitivity of miR-34a assay was 

determined using three human cell lines. The abundance of miR-34a across all three cell lines 

varied with each cell expressing different amounts of miR-34a molecules which is displayed 

as a distribution (Figure 3.13). The distribution of miR-34a was narrower for A549 cells 

compared with BEAS-2B and MDA-MB-231 cells. Moreover, the coefficient of variation for 

miR-21 assay and miR-34a expressed in single BEAS-2B cells was 2.88% and 5.87% 

respectively. 

 
Figure 3.12 Calibration of miR-34a assay using standard microfluidic chip. 

A calibration curve was fitted using a non-linear Hill function shown in green and a power 
function was plotted in a dashed blue line. Black dashed line represents 100% capture 
efficiency. Data are presented as mean ± SEM (n=3). 
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Figure 3.13 Distribution of single miR-34a molecules expressed at a single cell level in human 
cell lines. 

Single molecule count obtained from raw TIRF images were converted into absolute number 
of miR-34a molecules/cell using miR-34a calibration curve. Each data point represents the 
number of miRNA molecules expressed in one cell. Experimental repeats (n) for the same 
population of cells are labelled 1-4. A) Baseline expression of miR-34a in MDA-MB-231 
(Orange; n=3), BEAS-2B (Green; n=4), A549 (Light Blue; n=4) cells using single cell analysis. 
The black line represents a normal or gamma distribution fit to the data and the mean. B) 
Box and whisker plot for miR-34a expressed in each cell line. Box plot for each cell line: 
whiskers represent standard deviation; box represents standard error and black line 
represent the mean. 
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3.3.4 Validation of miRNA Assays 
 

To further validate the miRNA assays, BEAS-2B cells were transfected with specific miRNA 

mimics or antagomirs for 24 h. Single cell experiments requiring ~50 cells were performed in 

parallel with real-time qPCR which required ~100,000 cells. The same sample of cells was used 

for both miRNA detection methods and cells were chemically lysed at the same time point as 

the single cell experiments.  

 

When BEAS-2B cells were transfected with an antagomir against miR-21, the level of miR-21 

in BEAS-2B cells decreased by 58% analysed at a single cell level (Figure 3.14A). Whereas 

BEAS-2B cells transfected with a miR-21 mimic showed significantly enhanced the levels of 

miR-21 by 11-fold (Figure 3.14B). These trends were consistent with real-time qPCR analysis 

(Figure 3.14C and F). Similarly, single cell analysis demonstrated an antagomir of miR-34a 

significantly reduced the levels of miR-34a in BEAS-2B cells by 27% and a miR-34a mimic 

significantly increased the levels of miR-34a by 25-fold (Figure 3.15A and D). Again, these 

trends are comparable with real-time qPCR analysis (Figure 3.15 C and F).  
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Figure 3.14 Validation of miR-21 assays using specific miR-21 mimics and antagomirs 

BEAS-2B cells were overexpressed with miR-21 mimic (Green), miR-21 inhibitor (Pink), control 
mimic (Blue) or control inhibitor (Purple) for 24h and the expression of miR-21 was assessed 
using microfluidic platform and real-time qPCR (n=5). Experimental repeats are labelled 1-5 (A 
and D). A) Single cell distribution of miR-21 molecules expressed in single BEAS-2B cells 
transfected with inhibitor or control. B) Comparison of average miR-21 expression between 
BEAS-2B cells transfected with inhibitor and control measured by single cell analysis. C) Relative 
miR-21 expression (ΔΔCT) in BEAS-2B cells transfected with inhibitor or control measured by real-
time qPCR, normalised to RNU-48 and its control. D) Distribution of miR-21 expression in BEAS-
2B cells transfected with mimic or control measured in single cells. E) Comparison of average 
miR-21 expression in single BEAS-2B cells transfected with mimic or control. F) Relative miR-21 
expression (ΔΔCT) in BEAS-2B cells transfected with mimic or control by real-time qPCR, 
normalised to RNU-48 and its control. The black line represents a normal or gamma distribution 
fit to the data and the mean. Data were analysed using Mann-Whitney U test, **P < 0.01. 
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Figure 3.15 Validation of miR-34a assays using specific miR-34a mimics and inhibitors 

BEAS-2B cells were overexpressed with miR-34a mimic (Green), miR-34a antagomir (Pink), 
control mimic (Blue) or control inhibitor (Purple) for 24h and the expression of miR-34a was 
assessed using microfluidics and real-time qPCR (n=5). Experimental repeats are labelled 1-5 
(A and D). A) Single cell distribution of miR-34a molecules expressed in single BEAS-2B cells 
transfected with inhibitor or control. B) Comparison of average miR-34a expression between 
BEAS-2B cells transfected with inhibitor and control measured by single cell analysis. C) MiR-
34a expression in BEAS-2B cells transfected with inhibitor or control measured by real-time 
qPCR and normalised to RNU-48. D) Distribution of miR-34a expression in BEAS-2B cells 
transfected with mimic or control measured in single cells. E) Comparison of average miR-34a 
expression in single BEAS-2B cells transfected with mimic or control. F) Analysis of miR-34a 
expression in BEAS-2B cells transfected with mimic or control by real-time qPCR. experimental 
replicates. The black line represents a normal or gamma distribution fit to the data and the 
mean. Data were analysed using Mann-Whitney U test, **P < 0.01. 
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3.3.5 Nasal samples 
 
To test whether this miRNA detection method can detect miRNA molecules expressed in small 

volumes of bodily fluids or in a small number of cells that are scarce, a nasal sampling 

technique was used. Nasal mucosal fluid samples were collected non-invasively from 6 

volunteers using a SAM device. Nasal samples were centrifuged to separate into fluid and 

cells for miRNA detection and analysis as demonstrated in Figure 3.2. The speed of 

centrifugation was optimised so that free miRNA molecules are not carried over from the fluid 

into the cell fractions. Epithelial cells were stained with EpCAM monoclonal antibody, Alexa 

Fluor®488 and T-cells were stained with CD3 monoclonal antibody, Alexa Fluor®532. 

Fluorescence microscopy was used to detect the cell types.  

 

Firstly, basal levels of miR-21 were quantified in EpCAM+ epithelial cells (3.09 x 103 ± 833 

molecules/cell) and CD3+ T-Cells (3.56 x 103 ± 619 molecules/cell) (n=6) (Figure 3.16). For both 

nasal cell types, levels of miR-21 vary between individuals and within individuals where there 

is cell-to-cell variation. This demonstrates the sensitivity of the detection method to measure 

single molecules of miRNA expressed in cells that are scarce.  
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To further assess the sensitivity of the technique and its wider applications in clinical research, 

miR-21 molecules were detected in small volumes of nasal fluid samples (~30 µL). These 

samples were collected from the same 6 volunteers as the nasal cells and levels of miR-21 

was quantified (4.13 x 103 ± 1278 molecules/nL, n=6) (Figure 3.17A). To assess the 

reproducibility of the observations, each individual subject was sampled with the SAM three 

times within seven days. Each individual exhibited day-to-day variability of miR-21 levels as 

shown by the widths of the distributions. Nasal fluid samples display a symmetrical Gamma 

distribution (Figure 3.17A). The differences in the widths of the distributions are more 

apparent in violin plots (Figure 3.17B) where the mean and median are comparable. The 

coefficient of variation was 2.19-11.22% between individuals over the course of seven days. 

This demonstrates the robustness of this miRNA detection method to quantify miRNA levels 

in small volumes of fluid and small number of cells, as well as different cell types. 
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Figure 3.16 Basal levels of miR-21 in nasal epithelial cells and CD3+ T-cells collected from six 
healthy volunteers 

Nasal cells were collected using synthetic absorptive matrices (SAMs). Nasal fluid and cells 
were separated using centrifugation. On the same day of collection, single cell analysis was 
performed to quantify levels of miR-21 in cells. For each volunteer, nasal cell sample was 
analysed on separate a microfluidic chip. EpCAM+ epithelial cells (ʎ = 488 nm) and CD3+ T-
cells (ʎ = 532 nm) were isolated into individual micro-chambers. Single molecule count 
detected from raw TIRF images were converted into absolute number of miRNA using the 
corresponding calibration curves. Distribution of miR-21 molecules expressed in A) epithelial 
cells (Blue; 25 cells) and B) CD3+ T-cells (Green; 25 cells) at a single cell level for each 
volunteer (1-6) (n=6). Normal or gamma distribution curves were used to fit the data to 
highlight the shape of each distribution and the mean represented as black solid line. 
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Figure 3.17 Basal levels of miR-21 was quantified in nasal fluid collected non-invasively from six 
healthy volunteers. 

Nasal samples were collected using SAM. Nasal fluid and cells was separated using 
centrifugation. Six volunteers (1-6) were sampled three times (A-C) within seven days. Each 
nasal fluid sample was analysed on separate microfluidic chips on the same day of sample 
collection. 30 µL of nasal fluid was introduced into the micro-channel, miR-21 molecules were 
diffused from the channel into analysis chambers for single molecule detection. Single molecule 
count of miR-21 was quantified using miR-21 calibration curve. A) Distribution of miR-21 
molecules expressed in each nasal fluid sample. The different shades of purple represent three 
different nasal fluid samples obtained from same individual (A-C). B) Violin plots comparing 
miR-21 expressed in nasal fluid collected by different healthy volunteers. The box represents 
(Mean ± 2 (Standard Error of the mean)), and the whiskers represent (Mean ± 1.5 Standard 
Deviation) (n=6). Each box has the rotated kernel density plot on either side. Normal or gamma 
distribution curves were used to fit the data to highlight the shape of each distribution. 
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3.4 Discussion 
 
There have been advances in single cell miRNA detection using microfluidic technology, 

however there is no current system that enables cell isolation, lysis and detection of miRNA 

on a single microfluidic chip device. Therefore, this chapter is focused on development of 

miRNA assay using a microfluidic chip device to detect and quantify miRNAs in single cells and 

biofluids. 

 

Current miRNA detection techniques require nucleic acid or signal amplification (Guo et al., 

2018; Wu et al., 2013), or sample labelling (Lodes et al., 2009; Tian et al., 2013; Clancy et al., 

2017) which is time-consuming, costly and can incur bias. Here, single molecules of miRNAs 

were detected within the analysis chamber of the chip using TIRF microscopy without 

requirement of target labelling or amplification. A sandwich hybridisation system was utilised 

whereby both capture and reporter probes were required to bind to target miRNA for a signal 

readout. The microfluidic miR-21 assay has a high specificity as negligible single molecules 

were observed when single-base mismatched miR-21 or miR-34a sequences were introduced 

into the miR-21 assay system.  

 

To detect single molecules by TIRF microscopy, two common silane surface functionalisation 

for microarray printing of oligonucleotides were compared. The data show that the GTPS 

surface provides a lower background and greater capture efficiency for the detection of 

miRNA compared to APTES-PEG surface. This could be due to the strong amide bond 

formation between the epoxide from the GPTS structure and NH2 terminus of oligonucleotide 

probe. Thus, all microfluidic chip devices were fabricated with GPTS surface functionalisation 

to detect single miRNA molecules. Both miR-21 and miR-34a were calibrated using the 

standard microfluidic chip to enable absolute quantification of miRNA molecules in cells and 

fluid samples. 

 

One of the challenges during the development of miR-21 assay was the composition of the 

hybridisation buffer. The initial workflow involved the cell sample to be introduced into the 

microfluidic chip at the same time as the hybridisation buffer. However, the presence of 0.5% 

(w/v) SDS in the hybridisation buffer resulted the cell lysis before cells were isolated into the 



130 | P a g e  
 

chamber. This was overcome by introducing the hybridisation buffer after the cells were 

isolated into analysis chambers and using 0.05% (w/v) SDS to ensure high capture efficiency 

within the microenvironment.  

 

The sensitivity of the miRNA detection system was assessed using several human cell lines. 

The data show the levels of miR-21 and miR-34a quantified by single cell analysis in cell lines 

were comparable with literature that measured miRNAs by bulk cell analysis such as PCR. The 

measured miRNA level is the number of miRNA molecules is the total number of mature 

miRNA sequences transcribed, degraded/translocated and free unbound. For example, MCF-

7 and MDA-MB-231 cells expressed greater amounts of miR-21 compared to MCF-10A cells 

(Yan et al., 2011; Shi, Ye & Long, 2017; Guo et al., 2018) and A549 cells expressed higher levels 

of miR-21 and lower levels of miR-34a compared to BEAS2B cells (Xu et al., 2014; Li et al., 

2017). Moreover, the data show that the abundance of miR-21 and miR-34a molecules varies 

from cell-to-cell within the same population of cells which can only be observed by single cell 

miRNA analysis.  

 

One major limitation of this method is each cell is required to be manually isolated into 

analysis chambers using an optical tweezer which can be time-consuming. However, this 

limitation can be solved by automation and motion control mechanics to recognise target 

cells in the main channel and translate into chambers. Although this detection system can be 

easily adapted to detect other miRNA sequences, there is a requirement of probe design and 

calibration for absolute quantification.  

 

A wider application of this miRNA detection system was demonstrated by analysing nasal 

samples. A non-invasive sampling technique was integrated into the microfluidic workflow for 

the first time to quantify miRNA molecules in small number of cells or volume of fluid. This 

method was demonstrated to analyse levels of miR-21 in nasal cells and fluid with high 

accuracy and precision. Levels of miR-21 varied within and between individuals which could 

be due to the rapid fluctuations in the environment of the nasal cavity in response to stimuli. 

A study reported evidence of intra- and inter- individual variation of marker levels in nasal 

samples (Riechelmann et al., 2003). The novelty of this system is the ability to quantify levels 
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of miRNA in small samples of cells or volumes of fluid. This workflow can be applied directly 

for single cell analysis of many biological materials, especially for studying rare cell types.  

 

 

3.5 Conclusion 
 

Microfluidic technology has enabled levels of miRNAs to be quantified in small number of cells 

at a single cell resolution via optical trapping and lysis (Figure 3.18). By integrating microarray 

analysis, sandwich hybridisation assays were developed to specifically capture miRNA that is 

label- and amplification- free. TIRF microscopy have enabled miRNAs to be detected in single 

molecule in single cell sensitivity (Figure 3.18). To conclude, the hypothesis can be accepted 

as the microfluidic miRNA assays developed has been demonstrated to successfully quantify 

miR-21 and miR-34a levels in single cells in several human cell lines and validated with real-

time qPCR analysis. Furthermore, the robustness of this microfluidic chip device has been 

demonstrated by analysing nasal fluid and cells collected non-invasively. This method enables 

miRNA variation that are intrinsic to biological processes to be identified and thus, enables an 

accurate review of population distributions. 
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Figure 3.18 Complete workflow developed in this chapter  

Microfluidic chip device is fabricated via steps (A-C) and microRNAs are quantified in single cells by 
performing steps (D-I). This work has been published (Ho et al., 2023). 
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Chapter 4: Quantification of microRNA levels in human 
primary samples from COPD subjects using single cell analysis 
 

4.1 Introduction 
 

MiR-21 is implicated in COPD pathophysiology and is significantly increased in serum from 

asymptomatic heavy smokers and, stable and exacerbated COPD subjects compared to 

healthy controls (Ferraro et al., 2022; Xie et al., 2014). Lung tissues obtained from COPD 

subjects also exhibited significant increased miR-21 expression compared to lung tissues from 

never smokers (Kim et al., 2021). Studies suggest expression of miR-21 is associated with early 

development of COPD and the progression of the disease (Xie et al., 2014; Lu, Xie & Sun, 2021; 

Kim et al., 2021), however its role in the pathogenesis of the disease remains unclear.  

 

Human bronchial epithelial (HBE) cell line exposed to cigarette smoke extract showed an 

increased expression of miR-21 (Lu et al., 2018). Similarly, in mouse models, cigarette smoke 

induced airway obstruction showed an upregulation of miR-21 which correlated with reduced 

lung function (Kim et al., 2021; He et al., 2018; Lu, Xie & Sun, 2021; Xu et al., 2018). Elevated 

levels of miR-21 in the lungs of COPD subjects also correlates with disease severity and 

decreased lung function (Kim et al., 2021). Therefore, the expression of miR-21 could act as 

an indicator of COPD development and severity and suppressing the increased levels of miR-

21 could be a treatment approach for COPD. In a cigarette smoke induced emphysema murine 

model, knockdown of miR-21 revealed significant decreased alveolar damage (He et al., 

2018). This suggests miR-21 may have a role in development of emphysema. MiR-21 is also 

reported to play a role in the development of fibrosis via promoting proliferation of fibroblasts 

and increasing ECM deposition (Huang et al., 2015). This is also evident by the high levels of 

miR-21 in a murine of model of lung fibrosis using bleomycin and in the lungs of subjects with 

idiopathic pulmonary fibrosis (Liu et al., 2010). Taken together, these studies suggest that 

miR-21 is upregulated in COPD cells and may be important in regulating pathophysiology. 

 

MiR-34a is upregulated in lung tissue samples from COPD subjects (Baker et al., 2016) which 

is associated with impaired lung function (Mizuno et al., 2012). However, miR-34a is 

downregulated in bronchoalveolar lavage (BAL) fluid from COPD subjects compared to control 
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groups (Molina-Pinelo et al., 2014). MiR-34a may be an important regulator of ECM 

deposition in pulmonary fibrosis. Both murine models of fibrosis and subjects with idiopathic 

pulmonary fibrosis (IPF), show an upregulation of miR-34a (Cui et al., 2017). Elevated 

expression of miR-34a is exhibited in SAF isolated from COPD subjects compared to controls 

(Wrench et al., 2017). Thus, miR-34a may have an important role in SAF to initiate 

development of COPD through progressive fibrosis of the small airways. MiR-34a also has a 

role in ageing and cellular senescence via modulating anti-ageing molecules and cell cycle 

inhibitors in BEAS-2B cells, SAEC (Baker et al., 2016) and SAF (Wrench et al., 2017). 

Additionally, cigarette smoke-induced BEAS-2B cells demonstrated elevated levels of miR-34a 

with increased levels of SA-β-gal staining, gene expression of cell cycle inhibitors and SASP 

cytokines (Zeng, Yang & Liu, 2022). MiR-34a is upregulated in COPD cells and is an important 

regulator in the cellular and molecular mechanisms of COPD.  

 

Since miR-21 and miR-34a are implicated in the regulation of pathogenesis of COPD, it would 

be of interest to measure the expression of these miRNAs at a single cell level from these 

patients. To investigate this, the microfluidic chip platform developed in Chapter 3 was used 

to quantify miR-21 and miR-34a molecules expressed from SAEC and SAF cells from COPD 

subjects and non-smokers. Nasal sampling has previously been shown to reflect the lower 

airways (Jackson et al., 2012) and in this chapter miR-21 levels in nasal fluid from COPD 

subjects and non-smokers are also determined using the workflow developed in Chapter 3 

for nasal sampling. 
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4.1.1 Hypothesis 
 
Expression of miR-21 and miR-34a are increased in cells from COPD subjects compared to cells 

from age-matched non-smokers 

 

4.1.2 Aims: 
 

• Quantify miR-21 and miR-34a molecules in small airway epithelial cells and fibroblasts 

by performing single cell analysis  

• Manipulate the expression of miR-21 and miR-34a in small airway epithelial cells and 

fibroblasts using specific miRNA mimics and inhibitors 

• Assess the sensitivity of the microfluidic miRNA assay to detect single molecules of 

miR-21 expressed in nasal fluid samples 

• Develop a multiplex assay to quantify miR-21 and miR-34a expressed from the same 

cell in BEAS-2B cells, small airway epithelial cells and fibroblasts 
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4.2 Methods 
 

4.2.1 Cell culture of BEAS-2B cell line, SAEC and SAF 
 
SAEC and SAF were isolated as described in section 2.2.4. BEAS-2B cells, SAEC and SAF were 

maintained at 5% CO2 at 37 °C in complete culture medium as detailed in section 2.2.2, 2.2.44. 

 

4.2.2 Detection of miRNA molecules in nasal fluid samples 
 
Nasal fluid mixture was prepared with 30 µL of sample and 470 µL of hybridisation buffer. 

Nasal fluid mixture was introduced into the standard microfluidic chip using electronic syringe 

pump with a flow rate of 2 µL/min. Capture spots were imaged using TIRF microscopy in time 

lapse of 20 min whilst the device was incubated in darkness for 1.5 h. 

 

4.2.3 Transfection with miRNA mimics and inhibitors 
 
SAEC and SAF were seeded on 6-well plates at 2 x 105 cells/well in 2 mL serum containing 

complete LHC-9 or DMEM media respectively. Cells were serum starved 16 h. SAEC and SAF 

from non-smokers were transfected with 30 nM miRNA mimics, and from COPD subjects were 

transfected with 60 nM miRNA inhibitors, using Lipofectamine RNAimax for 24 h as detailed 

in section 3.2.7. Expression of miRNA were measured by single cell analysis described in 

section 2.2.1.9 and real-time qPCR detailed in section 2.2.6. 

 

4.2.4 Microfluidic chip device 
 
Standard and Bimultiplex microfluidic chip devices were fabricated detailed in section 2.2.1.  

 

4.2.4.1 Bimultiplex chip  
 
GPTS passivated glass surface was microarrayed with 21-capture and 34a-capture microspots 

using the conditions detailed in section 2.2.1.4. Bimultiplex chip device was bonded as 

described in section 2.2.1.6. Complimentary reporter probes, 21-reporter-Cy5 and 34a-

reporter-A488 were fluorescently tagged with cyanine-5 (Cy5, ʎ = 647 nm) and Alexa-488 

(A488, ʎ = 488 nm) respectively (Figure 4.1). Using TIRF microscopy, 21-capture and 34a-

capture microspots were imaged at wavelengths ʎ = 647 and 488 nm.  
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4.2.5 Single cell experiment and analysis 
 
MiR-21 and miR-34a expression were measured in cells using the single cell workflow 

described in section 2.2.1.9 and analysed according to section 2.2.1.10. 

 

4.2.6 MicroRNA and mRNA extraction, and real-time qPCR  
 
RNA was extracted, reversed transcribed into cDNA and gene expression of miR-21, miR-34a 

and RNU-48 were measured using qPCR described in section 2.2.6.  

 

4.2.7 Statistical analysis  
 
Data from real-time qPCR were analysed by ΔΔCT and presented as mean ± SEM using 

GraphPad Prism software (version 9.4.0). Data from single molecule analysis are presented as 

individual data points for each cell from single cell experiment or mean ± SEM for each sample 

using OriginPro software (version 2022). Statistical analyses are detailed in the figure legends.   

 
Figure 4.1 Schematic diagram of single cell analysis workflow using bimultiplex chip device 

MiR-21 and miR-34a capture probes were microarrayed adjacently within the chambers. 
Individual cells were optically trapped and lysed which released the intracellular content. 
Targets miR-21 and miR-34a sequences were captured and detected. 
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4.3 Results 
 

4.3.1 Small airway epithelial cells  
 

4.3.1.1 Subject demographics 
 
SAEC were isolated from human lung tissue of non-smokers and COPD subjects (Table 4.1). 

All subjects were age matched including between different subject groups. Smoking history 

in COPD subjects were significantly greater than non-smokers (Table 4.1). COPD subjects 

displayed a significantly lower FEV1, FEV1 % predicted and FEV1/FVC compared to non-

smokers. Similar lung function, FVC is shown for both subject groups (Table 4.1). 

4.3.1.2 Expression of miRNAs 
 
Baseline expression of miR-21 was quantified at a single cell resolution in SAEC obtained from 

non-smokers and COPD subjects using the microfluidic miR-21 assay developed and detailed 

in Chapter 3. SAEC within the same cell population express different amounts of miR-21 

molecules/cell (Figure 4.2A). While the average miR-21 expression was significantly increased 

in SAEC from COPD subjects compared to non-smokers (Figure 4.2B), the distributions of 

  Non-smoker COPD 

Subjects, n 6 6 

Age, years 70.33 ± 3.97 67.83 ± 3.85 

Sex, M:F 2:4 4:2 

Smoking history, Pack-
years # 

0.00 45.67 ± 3.49** 

FEV1, L 2.23 ± 0.17 0.86 ± 0.20** 

FEV1, % predicted 105.80 ± 8.28 38.20 ± 8.47** 

FVC, L 2.98 ± 0.20 2.54 ± 0.43 

FEV1/FVC 0.75 ± 0.02 0.4 ± 0.04** 

 

Table 4.1 Subject demographics for small airway epithelial cells (SAEC) obtained from non-
smokers and COPD subjects  

FEV1: Forced Expiratory Volume in 1 second. FVC: Forced Vital Capacity. 1 pack year: 20 
cigarettes a day for one year. Data shown as mean ± SEM. Mann-Whitney U test was used 
to test significant differences between subject groups. **: p<0.01 compared to non-smokers 
group. 
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some COPD subjects display an overlap with distributions of non-smokers. To validate the 

single cell analysis data, miR-21 baseline expression was examined in the same subjects using 

real-time qPCR bulk analysis which displays the same trend (Figure 4.2C). 

 

Expression of miR-34a in SAEC from non-smokers and COPD subjects was also assessed at 

baseline by performing single cell analysis and compared with real-time qPCR analysis (Figure 

4.2 D and F). In both subject groups, single cell analysis reveals the narrow distributions of 

miR-34a expressed in single SAEC from each subject. SAEC from COPD subjects displayed an 

elevated expression of miR-34a compared to SAEC from non-smokers analysed at a single cell 

resolution and real-time qPCR (Figure 4.2 D, E and F). Some COPD subjects express greater 

amount of miR-34a compared to other COPD subjects, however all COPD subjects display 

distributions that are higher than non-smokers (Figure 4.2D). 
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Figure 4.2 Baseline expression of miR-21 and miR-34a in small airway epithelial cells (SAEC) 

SAEC from non-smokers (●, n=6) and COPD subjects (■, n=6). Expression of miR-21 and miR-

34a were quantified by single cell analysis using a microfluidic platform displayed as A) and D) 
distributions and, B) and E) mean for individuals in the group. C) MiR-21 and F) miR-34a 
expression were determined by bulk cell analysis using real-time qPCR and normalised to 
housekeeper gene RNU48. The same shade of colour represents the same individual in the 
groups. Data are analysed using a Mann-Whitney U test; **: p<0.01 compared to non-smokers. 
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4.3.2 Small airway fibroblasts 
 

Having shown differences in expression of both miR-21 and miR-34a in SAEC between cells 

from COPD subjects and healthy controls, it was important to determine whether another 

pulmonary cell type also showed differential expression of miRNA species or whether the 

observed increase was specific to SAEC. Therefore, similar experiments were performed to 

examine the expression of miR-21 and miR-34a in SAF from COPD subjects and non-smokers. 

 

4.3.2.1 Subject demographics 
 

Human lung tissue was obtained from non-smokers and COPD subjects which fibroblasts were 

isolated (Table 4.2). Smoking history was significantly higher in COPD subjects compared to 

non-smokers. Lung parameters FEV1, FEV1% predicted and FEV1/FVC was significantly 

decreased in COPD subjects compared to non-smokers (Table 4.2). Lung function, FVC was 

similar in all subjects from both groups (Table 4.2) 

 

 

  Non-smoker COPD 

Subjects, n 6 6 

Age, years 70.00 ± 2.97 68.00 ± 3.20 

Sex, M:F 2:4 3:3 

Smoking history, Pack-
years # 

0.00 44.08 ± 9.14** 

FEV1, L 2.13 ± 0.17 0.98 ± 0.19** 

FEV1, % predicted 102.60 ± 8.79 39.50 ± 11.17* 

FVC, L 2.87 ± 0.24 2.66 ± 0.46 

FEV1/FVC 0.75 ± 0.02 0.4 ± 0.09* 

 

Table 4.2 Subject demographics for small airway fibroblasts (SAF) obtained from non-
smokers and COPD subjects  

FEV1: Forced Expiratory Volume in 1 second. FVC: Forced Vital Capacity. 1 pack year: 20 
cigarettes a day for one year. Data shown as mean ± SEM. Mann-Whitney U test was used 
to test significant differences between subject groups. *: p<0.05 **: p<0.01 compared to 
non-smokers group. 
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4.3.2.2 Expression of miRNA 
 
SAF were obtained from non-smokers and COPD subjects and baseline expression of miR-21 

was quantified using the microfluidic platform. Baseline expression of miR-21 in SAF was 

displayed as distributions (Figure 4.3A), the widths of these distributions are less narrow 

compared to the distributions for SAEC (Figure 4.2A) within the same subject groups. Single 

cell analysis also showed overlap between the distributions of some COPD subjects and non-

smokers (Figure 4.3A). Average expression of miR-21 from single cell analysis was significantly 

increased in SAF from COPD subjects compared to non-smokers (Figure 4.3B). This result is 

consistent with real-time qPCR analysis (Figure 4.3C). 

 

Similarly, baseline expression of miR-34a was quantified in single SAF obtained from non-

smokers and COPD subjects using microfluidic miR-34a assay. Variation of miR-34a expression 

was observed in each patient and from patient to patient within the same subject group 

(Figure 4.3D). Single cell analysis revealed the expression of miR-34a was significantly 

elevated in COPD subjects compared to non-smokers which is comparable with real-time 

qPCR data (Figure 4.3 E and F). This observation has the same pattern as SAEC (Figure 4.2). 
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Figure 4.3 Baseline expression of miR-21 and miR-34a in small airway fibroblasts (SAF) 
 

SAF from non-smokers (●, n=6) and COPD subjects (■, n=6). Expression of miR-21 and miR-34a 

were quantified by single cell analysis using a microfluidic platform displayed as A) and D) 
distributions and, B) and E) mean for individuals in the group. C) MiR-21 and F) miR-34a 
expression were determined by bulk cell analysis using real-time qPCR and normalised to 
housekeeper gene RNU48. The same shade of colour represents the same individual in the 
groups. Data are analysed using a Mann-Whitney U test; *: p<0.05 **: p<0.01 compared to 
non-smokers. 
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4.3.3 Transfection with miRNA mimics and inhibitors 
 

Since the baseline expression of miR-21 in SAEC from COPD subjects is greater than non-

smokers (Figure 4.2), it was of interest to determine if the microfluidic assay could detect 

changes of miRNA expression in the same cell population. To do this, SAEC from non-smokers 

were transfected with either a miR-21 mimic or negative control. Similarly, SAEC from COPD 

subjects were transfected with miR-21 inhibitor or control sequence. MiR-21 expression was 

assessed in single cells using the microfluidic platform which displayed distributions of miR-

21 expression (Figure 4.4 A and C). Transfection of a miR-21 mimic into SAEC from non-

smokers showed increased expression of miR-21 in single cells (Figure 4.4B). Conversely, the 

miR-21 inhibitor significantly reduced miR-21 expression in SAEC from COPD subjects (Figure 

4.4D). 

 

Similar experiments were performed using miR-34a mimics and inhibitors in SAEC from non-

smokers and COPD subjects respectively. Transfection of SAEC from non-smokers with a miR-

34a mimic led to significantly increased expression of miR-34a compared to control (Figure 

4.5 A and B). Inversely, expression of miR-34a was significantly decreased when COPD SAEC 

were transfected with a miR-34a antagomir compared to control (Figure 4.5 C and D). 
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Figure 4.4 Effect of a miR-21 mimic or antagomir transfection in small airway epithelial cells (SAEC) 
 

SAEC from non-smokers (n=4) were transfected with control mimic (●) or miR-21 mimic (■), 

and COPD subjects (n=4) were transfected with control inhibitor (●) or miR-21 inhibitor (▲) 

for 24h. Expression of miR-21 was quantified by single cell analysis using a microfluidic platform 
displayed as A) and C) distributions and B) and D) mean for individuals in the group. To test the 
significance of mimic/inhibitor transfection a Mann-Whitney U test was used; *: p<0.05 
compared to control group. Data points with the same shade of colour represents the same 
individual in the groups. 
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Figure 4.5 Effect of a miR-34a mimic or antagomir transfection in small airway epithelial cells (SAEC) 
 

SAEC from non-smokers (n=4) were transfected with control mimic (●) or miR-34a mimic (■), 

and COPD subjects (n=4) were transfected with control inhibitor (●) or miR-34a inhibitor (▲) 

for 24h. Expression of miR-34a was quantified by single cell analysis using a microfluidic 
platform displayed as A) and C) distributions and B) and D) mean for individuals in the group. 
To test the significance of mimic/inhibitor transfection, a Mann-Whitney U test was used; *: 
p<0.05 compared to control group. Data points with the same shade of colour represents the 
same individual in the groups. 
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To determine if the effect of transfection with miRNA mimics or antagomirs were cell specific, 

similar experiments were performed in SAF. Single cell analysis showed the expression of miR-

21 in SAF from non-smokers was significantly elevated when transfected with miR-21 mimic 

compared to control (Figure 4.6 A and B). Conversely, COPD SAF showed reduced miR-21 

expression transfection with miR-21 inhibitor compared to control (Figure 4.6 C and D). 

 

Again, similar experiments were also performed to examine whether a second miRNA could 

be manipulated in a similar fashion. At a single cell resolution, expression of miR-34a in SAF 

from non-smokers were significantly increased when stimulated with a miR-34a mimic 

compared to control (Figure 4.7 A and B). When COPD SAF were transfected with miR-34a 

inhibitor, miR-34a expression was significantly decreased compared to control (Figure 4.7 C 

and D). 
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Figure 4.6 Effect of a miR-21 mimic or antagomir transfection in small airway fibroblasts (SAF)  

SAF from non-smokers (n=4) were transfected with control mimic (●) or miR-21 mimic (■), and 

COPD subjects (n=4) were transfected with control inhibitor (●) or miR-21 inhibitor (▲) for 

24h. Expression of miR-21 was quantified by single cell analysis using a microfluidic platform 
displayed as A) and C) distributions and B) and D) mean for individuals in the group. To test the 
significance of mimic/inhibitor transfection, a Mann-Whitney U test was used; *: p<0.05 
compared to control group. Data points with the same shade of colour represents the same 
individual in the groups. 
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Figure 4.7 Effect of a miR-34a mimic or antagomir transfection in small airway fibroblasts (SAF) 

SAF from non-smokers (n=4) were transfected with control mimic (●) or miR-34a mimic (■), 

and COPD subjects (n=4) were transfected with control inhibitor (●) or miR-34a inhibitor (▲) 

for 24h. Expression of miR-34a was quantified by single cell analysis using a microfluidic 
platform displayed as A) and C) distributions and B) and D) mean for individuals in the group. 
To test the significance of mimic/inhibitor transfection, a Mann-Whitney U test was used; *: 
p<0.05 compared to control group. Data points with the same shade of colour represents the 
same individual in the groups.  
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4.3.4 Nasal fluid 
 

Having demonstrated that the microfluidic chip device can be used to detect miRNA 

molecules in single cells, the possibility that this device could be sensitive enough to measure 

differences in miRNA molecules in biological fluids from subjects with COPD compared to 

controls was also investigated.  

 

4.3.4.1 Subject demographics 
 
Nasosorption samples were obtained non-invasively from non-smokers and COPD subjects 

(Table 4.3). All subjects were age matched including between different subject groups. A 

significantly increased smoking history is observed in COPD subjects compared to non-

smokers (Table 4.3). Lung function parameters: FEV1, FEV1 % predicted, FVC and FEV1/FVC for 

COPD subjects were significantly reduced compared to non-smokers (Table 4.3).  

 

  Non-smoker COPD 

Subjects, n 16 28 

Age, years 60.50 ± 2.01 67.64 ± 1.71 

Sex, M:F 8:8 15:13 

Smoking history, Pack-
years # 

0.00 48.34 ± 5.77**** 

FEV1, L 2.97 ± 0.24 1.33 ± 0.11**** 

FEV1, % predicted 109.80 ± 5.12 53.54 ± 3.80**** 

FVC, L 3.94 ± 0.35 2.85 ± 0.16** 

FEV1/FVC 0.76 ± 0.02 0.46 ± 0.03**** 

 

Table 4.3 Subject demographics for nasal fluid obtained from non-smokers and COPD 
subjects  

FEV1: Forced Expiratory Volume in 1 second. FVC: Forced Vital Capacity. 1 pack year: 20 
cigarettes a day for one year. Data shown as mean ± SEM. Mann-Whitney U test was used 
to test significant differences between subject groups. **: p<0.01 ****: p<0.0001 compared 
to non-smokers group.  
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4.3.4.2 Expression of miRNA  
 
Single molecules of miR-21 expressed in nasal fluid from non-smokers and COPD subjects 

were quantified at baseline using the standard microfluidic chip with 4.5 nL chambers. Nasal 

fluid sample was introduced into the micro-channel of the chip, cell-free miR-21 was bound 

onto the capture micro-spot and single molecules were detected. A significant increased 

expression of miR-21 molecules was observed at baseline in COPD compared to non-smokers 

(Figure 4.8).  

4.3.5 Multiplex of miR-21 and miR-34a 
 
Having shown on separate microfluidic chip devices, the expression of miR-21 and miR-34a 

were increased in COPD subjects compared to non-smokers, it is possible that the expression 

of miR-21 and miR-34a are correlated in COPD subjects. Therefore, the relationship between 

miR-21 and miR-34a were investigated by developing a multiplex microfluidic chip to measure 

both miR-21 and miR-34a expressed in the same cell. 

 

 
Figure 4.8 Baseline expression of miR-21 in nasal mucosal lining fluid 

Nasal fluid samples were obtained non-invasively from non-smoker (●, n=16) and COPD 

(■, n=27). Single molecules of miR-21 were quantified within micro-chambers of 
microfluidic chip device. Data are expressed as mean ± SEM. A Mann-Whitney U test used 
to test for significance between COPD subjects; ****: p<0.0001 compared to non-smokers. 
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A Bimultiplex chip device was designed to capture more than one target miRNA expressed 

from a single cell. To capture miR-21 and miR-34a together, the capture probes were 

microarrayed adjacently within each chamber. Complimentary reporter probes for miR-21 

and miR-34a were tagged with different fluorophores, to detect miR-21 and miR-34a 

molecules simultaneously expressed from the same cell. A significant number of single miR-

21 molecules was observed on 21-capture spot and negligible amount of single molecules was 

observed on 34a-capture spot when imaging at ʎ = 647 nm (Figure 4.9). Conversely, when 

imaging at ʎ = 488 nm, a significant number of single miR-34a molecules are detected on 34a-

capture spot and negligible single molecules detected on 21-capture spot (Figure 4.9). This 

suggests there is a negligible amount of oligonucleotide-oligonucleotide crosstalk between 

the miRNA capture and reporter probes. Also, this further demonstrates the high specificity 

of miR-21 and miR-34a assays to detect miR-21 and miR-34a respectively within the 

microenvironment.  

 

 

Figure 4.9 Multiplex microfluidic system for miR-21 and miR-34a assays 

Each chamber of the Bimultiplex microfluidic chip device were microarrayed printed miR-21 
and miR-34a capture spots. MiR-21 and miR-34a molecules expressed in the same BEAS-2B 
cell were simultaneously captured and detected by TIRF microscopy. Single molecules of miR-
21 and miR-34a were detected at wavelength (miR-21 reporter-Cy5) 647 and (miR-34a 
reporter-Alexa488) 488 nm respectively. TIRF microscopy images shown are from one 
microchamber. 
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The Bimultiplex chip was designed with chamber dimensions containing the same volume as 

the chambers of the standard microfluidic chip to enable extrapolation from the miR-21 and 

miR-34a calibration curves generated previously (Figure 3.8 and Figure 3.12). Single molecules 

of miR-21 (1.08x104 ± 173 molecules/cell) and miR-34a (8.53x103 ± 52.2 molecules/cell) 

expressed from the same BEAS-2B cell were detected using the Bimultiplex chip (Figure 4.10 

A and B) which are consistent with the results using the standard chip (Figure 3.10 and Figure 

3.13). A positive correlation was observed between the absolute number of miR-21 and miR-

34a expressed in the same cell (Figure 4.10).  
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Figure 4.10 Correlation of miR-21 and miR-34a expressed in the same BEAS-2B cell 

Baseline expression of miR-21 and miR-34a in BEAS-2B cells (n=4) were quantified using 
Bimultiplex microfluidic chip device. A) and B) are distributions of miR-21 and miR-34a 
molecules expressed in BEAS-2B cells. C) correlation analysis of miR-21 and miR-34a 
molecules expressed in the same BEAS-2B cell. Experimental repeats are represented as 
different shades of green. Data are represented as individual data points for each cell. Data 
were analysed using Pearson correlation analysis and simple linear regression represented 
as a solid black line. 
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4.3.5.1 Small airway epithelial cells 
 
Since there was a positive correlation between miR-21 and miR-34a expression in the same 

BEAS-2B cell detected using the Bimultiplex chip device, the next step was to determine 

whether this multiplex assay is sensitive enough to detect miR-21 and miR-34a in human 

primary cells. Therefore, experiments were performed using SAEC from non-smokers and 

COPD subjects.  

 

SAEC obtained from COPD subjects expressed a greater amount of miR-21 (COPD: 1.03 x 105 

± 7132 molecules/cell) and miR-34a (COPD: 7.99 x 104 ± 3331 molecules/cell) (Figure 4.13) 

compared to non-smokers, miR-21 (NS: 2.36 x 104 ± 3416 molecules/cell) and miR-34a (NS: 

7.47 x 103 ± 857 molecules/cell) (n=5) (Figure 4.11). This quantitative result analysed using 

the multiplex assay is consistent with previous data using the standard microfluidic chip 

device ( 

Figure 4.2).  

 

 

 

 

 

 

 

 
Table 4.4 Pearson correlation analysis of miR-21 and miR-34a expressed in the same BEAS-
2B cell 
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For each COPD and non-smoker subject, the expression of miR-21 is positively correlated with 

miR-34a expression detected from the same SAEC (Figure 4.12A and Figure 4.13A). However, 

there is a reduced positive correlation in COPD subjects (Pearson’s r: 0.64, p<0.0001; 

Spearman’s r: 0.64, p<0.0001) (Figure 4.13B) compared to non-smokers (Pearson’s r: 0.86, 

p<0.0001; Spearman’s r: 0.90, p<0.0001) (Figure 4.12B). When all the samples from both 

subject groups were analysed, there was a positive correlation between miR-21 and miR-34a 

expressed in the same cell (Pearson’s r: 0.98 p<0.0001; Spearman’s r: 0.95, p<0.0001) (Figure 

4.14). 

 

 
 
Figure 4.11 Baseline expression of miR-21 and miR-34a from the same small airway 
epithelial cell (SAEC) using Bimultiplex chip 

SAEC from non-smokers (◆, NS, n=5) and COPD subjects (▲, n=5). Expression of miR-21 and 
miR-34a from the same cell were quantified by single cell analysis using the Bimultiplex chip. 
Data represented as individual points for the A) average miR-21 molecule/cell and B) 
average miR-34a molecule/cell expressed in each subject for non-smokers and COPD subject 
group. Data are analysed using a Mann-Whitney U test; **: p<0.01 compared to non-
smokers. 
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Figure 4.12 Correlation between miR-21 and miR-34a expressed in small airway epithelial cells 
(SAEC) from non-smokers  

SAEC from non-smokers (◆, NS, n=5). Expression of miR-21 and miR-34a from the same cell 
were quantified by single cell analysis using the Bimultiplex chip. Data represented as 
individual points for (A) each subject and (B) combined correlation plot for subject group. Data 
was analysed using Pearson’s correlation and simple linear regression. A Pearson’s correlation 
coefficient was used to test the statistical association between miR-21 and miR-34a 
expressions.  
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Figure 4.13 Correlation between miR-21 and miR-34a expressed in small airway epithelial cells 
(SAEC) from COPD subjects  

SAEC from COPD subjects (▲, n=5). Expression of miR-21 and miR-34a from the same cell 
were quantified by single cell analysis using the Bimultiplex chip. Data represented as 
individual points for (A) each COPD patient and (B) combined correlation plot for subject 
group. Data was analysed using Pearson’s correlation and simple linear regression. A Pearson’s 
correlation coefficient was used to test the statistical association between miR-21 and miR-
34a expressions. 
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4.3.5.2 Small airway fibroblasts  
 
Having demonstrated the Bimultiplex chip device can detect miR-21 and miR-34a molecules 

expressed in the same SAEC and displayed a positively correlation between miR-21 and miR-

34a for both COPD and non-smoker subject groups. To determine whether this relationship 

between miR-21 and miR-34a is cell type specific, the multiplex assay was used to detect miR-

21 and miR-34a expressed in the same SAF. 

 

Basal levels of miR-21 (COPD: 8.35 x 104 ± 8958 molecules/cell) and miR-34a (COPD: 6.51 x 

104 ± 5696 molecules/cell) expressed in COPD SAF are significantly increased compared to 

non-smokers SAF, miR-21 (NS: 2.75 x 104 ± 2599 molecules/cell) and miR-34a (NS: 3.07 x 103 

± 195 molecules/cell). This result from Bimultiplex chip is consistent with the data from the 

standard chip (Figure 4.3). 

 

 

 
Figure 4.14 Correlation of average number of miR-21 and miR-34a expression in small airway 
epithelial cells from COPD subjects and non-smokers 

SAEC from non-smokers (◆, NS, n=5) and COPD subjects (▲, n=5). MiR-21 and miR-34a 
expressed in the same SAEC were measured by single cell analysis using Bimultiplex chip. Data 
are represented as mean. Data were analysed using Pearson’s correlation analysis and simple 
linear regression. Pearson’s correlation coefficient was used to test the statistical association 
between miR-21 and miR-34a expressions. 
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Similar to SAEC (Figure 4.12), there is a positive correlation between miR-21 and miR-34a 

expressed in the same SAF for each COPD subject and non-smokers (Figure 4.16A and Figure 

4.17A). When the subject groups were analysed independently, a reduced positive correlation 

is observed for COPD subjects (Pearson’s r: 0.66, p<0.0001; Spearman’s r: 0.62, p<0.0001) 

(Figure 4.17B) compared to non-smokers (Pearson’s r: 0.81, p<0.0001; Spearman’s r: 0.75, 

p<0.0001) (Figure 4.16B). When all subjects were analysed, there was a positive correlation 

between miR-21 and miR-34a molecules expressed in the same SAF (Pearson’s r: 0.94, p < 

0.0001; Spearman’s r: 0.94, p<0.0002) (Figure 4.18). 

 
 
Figure 4.15 Baseline expression of miR-21 and miR-34a from the same small airway 
fibroblast (SAF) using Bimultiplex chip 

SAF from non-smokers (◆, NS, n=5) and COPD subjects (▲, n=5). Expression of miR-21 and 
miR-34a from the same cell were quantified by single cell analysis using the Bimultiplex 
chip. Data represented as individual points for the A) average miR-21 molecule/cell and B) 
average miR-34a molecule/cell expressed in each subject for non-smokers and COPD 
subject group. Data are analysed using a Mann-Whitney U test; **: p<0.01 compared to 
non-smokers. 
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Figure 4.16 Correlation between miR-21 and miR-34a expressed in small airway fibroblasts 
(SAF) from non-smokers 

SAF from non-smokers (◆, NS, n=5). Expression of miR-21 and miR-34a from the same cell 
were quantified by single cell analysis using the Bimultiplex chip. Data represented as 
individual points for (A) each subject and (B) combined correlation plot for subject group. Data 
was analysed using Pearson’s correlation and simple linear regression. Pearson’s correlation 
coefficient was used to test the statistical association between miR-21 and miR-34a 
expressions.  
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Figure 4.17 Correlation between miR-21 and miR-34a expressed in small airway fibroblasts 
(SAF) from COPD subjects 

SAF from COPD subjects (▲, n=5). Expression of miR-21 and miR-34a from the same cell were 
quantified by single cell analysis using the Bimultiplex chip. Data represented as individual 
points for (A) each subject and (B) combined correlation plot for subject group. Data was 
analysed using Pearson’s correlation and simple linear regression. Pearson’s correlation 
coefficient was used to test the statistical association between miR-21 and miR-34a 
expressions. 
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Figure 4.18 Correlation of average number of miR-21 and miR-34a expression in small airway 
fibroblasts from COPD subjects and non-smokers 

SAF from non-smokers (◆, NS, n=5) and COPD subjects (▲, n=5). MiR-21 and miR-34a 
expressed in the same SAF were measured by single cell analysis using bimultiplex chip. Data 
are represented as mean. Data were analysed using Pearson’s correlation analysis and simple 
linear regression. Pearson’s correlation coefficient was used to test the statistical association 
between miR-21 and miR-34a expressions. 
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4.4 Discussion 
 

In the previous chapter, a single cell miRNA detection method was developed using a 

microfluidic platform. This demonstrated the ability to assess the variation of miRNA 

molecules expressed in single cells within a heterogenous cell population. Having validated 

the system and demonstrated this method has a small sample requirement, the next step was 

to use this tool to assess the expression of miR-21 and miR-34a in COPD samples at a single 

cell resolution. In this chapter, single cell analysis showed that expression of miR-21 and miR-

34a are significantly elevated in COPD samples and their expression in the same cell are 

positively correlated.  

 

MiR-21 and miR-34a are implicated in COPD and their expression could play a role in the 

development and progression of the disease (Osei et al., 2015). Previous studies showed a 

significant increased expression of miR-21 in COPD lung tissue (Kim et al., 2021) and serum 

(Xie et al., 2014; Xu et al., 2018; Ferraro et al., 2022) compared to controls. In line with the 

literature, the number of miR-21 molecules expressed in single SAEC and SAF at baseline were 

significantly elevated in COPD subjects compared to non-smokers. Additionally, the levels of 

miR-21 expressed in nasal mucosal lining fluid is also significantly increased in COPD subjects 

compared to non-smokers. Previously it has been shown that the elevated expression of miR-

21 in COPD lung tissues is correlated to the increased disease severity and reduced lung 

function of the COPD subjects (Kim et al., 2021). This suggests that the increased expression 

of miR-21 in COPD could be an indicator of the development and progression of the disease.  

 

Previous studies have also reported an up-regulation of miR-34a in the lungs of COPD subjects 

(Velasco-Torres et al., 2019; Baker et al., 2016; Mizuno et al., 2012). Consistent with these 

studies, single cell analysis showed a significant increase in the number of miR-34a molecules 

expressed in COPD SAEC and SAF compared to controls. Lung tissue samples from COPD 

patients also showed a strong correlation between the increased levels of miR-34a and 

decline in lung function (Mizuno et al., 2012; Velasco-Torres et al., 2019; Osei et al., 2015). It 

is suggested that increased expression of miR-34a could also reflect the progression of COPD 

(Osei et al., 2015).  
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Severe COPD subjects express a significantly high abundance of miR-21 and miR-34a exhibited 

by different types of samples (Osei et al., 2015). While some studies have measured miR-21 

and miR-34a expressed in the same sample (Morbini et al., 2016), their association have been 

unexplored in the context of COPD. To explore this relationship, a multiplex assay was 

developed to detect miR-21 and miR-34a molecules expressed in the same cell within a 

microchamber using the microfluidic platform described in Chapter 3. The Bimultiplex 

microfluidic chip was designed with the same chamber volume as the standard microfluidic 

chip to enable quantification of miR-21 and miR-34a molecules by extrapolation from the 

corresponding calibration curves. The data showed that the number of miR-21 or miR-34a 

molecules is varied from cell to cell for both cell types, SAEC and SAF, and for both COPD 

subjects and non-smokers groups. It is plausible that the aberrant expression of miR-21 and 

miR-34a may contribute to the phenotypic heterogeneity of COPD (Hobbs & Tantisira, 2019), 

however further investigation is required to understand their regulation in COPD. On the 

other hand, correlation analysis revealed a strong positive correlation between the 

expression of miR-21 and miR-34a expressed in the same SAEC and SAF. Additionally, 

independent of the cell type, the positive correlation between miR-21 and miR-34a is reduced 

in COPD subject group (r~0.6) compared to non-smoker subject group (r~0.8). This suggests 

the expression of miR-21 is associated with the expression of miR-34a in the same cell and 

their relationship is altered in COPD cells. It is possible that miR-21 and miR-34a are regulated 

together in non-smokers cells by the same transcription factor or one miRNA may regulate 

another miRNA through regulating their target genes, however this requires further 

investigation.  

 

MiR-21 and miR-34a may be potential targets for COPD treatments. Knockdown of miR-21 in 

mice reversed cigarette smoke induced alveolar damage (He et al., 2018), small airway fibrosis 

and chronic airway inflammation (Kim et al., 2021). This suggests that miR-21 is an important 

molecule to target for COPD therapeutics. One approach to suppress the increased levels of 

miR-21 during the development and progression of COPD is transfection with an antagomir 

of miR-21. The data in this chapter verified at a single cell level that miR-21 antagomir can 

significantly suppress miR-21 levels in COPD SAEC and SAF. Previously, it has been shown that 

an antagomir of miR-34a can restore anti-ageing molecules in airway epithelial cells, reduce 

senescent markers and SASP response, and potentially promote cell proliferation through 
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reversing cell cycle arrest (Baker et al., 2016). The data in this chapter show that transfection 

with an antagomir of miR-34a can suppress the increased levels of miR-34a in COPD SAEC and 

SAF. Therefore, miR-21 and miR-34a antagomirs could be used for COPD therapeutics to 

respond and restore the aberrant levels of miR-21 and miR-34a during COPD progression.  

 

4.5 Conclusion 
 

Data from this chapter shows miR-21 and miR-34a are differentially expressed in SAEC, SAF 

and nasal fluid, from COPD subjects compared with non-smokers (Figure 4.19). Thus, the 

hypothesis can be accepted. By performing single cell analysis, the cell-to-cell variability of 

miR-21 and miR-34a within each individual and between individual within the same subject 

group was revealed. The adaptability of the microfluidic workflow was demonstrated by 

incorporation of non-invasive sampling. The ease of multiplexing miRNAs was demonstrated 

using microarrays to capture miR-21 and miR-34a molecules expressed from the same cell 

with high accuracy and precision. This showed miR-21 and miR-34a expressed from the same 

cell are positively correlated (Figure 4.19). This chapter also showed that the microfluidic 

platform only requires small number of cells to quantify single miRNA molecules, thus other 

cells such as inflammatory cells in the small airways of COPD can also be analysed. 

 
Figure 4.19 Summary of miR-21 and miR-34a expressed in COPD and non-smokers samples 
detected using the microfluidic chip device 

In small airway epithelial cells (SAEC) and small airway fibroblasts (SAF), miR-21 and miR-
34a molecules/cell were measured by single cell analysis. In nasal fluid, miR-21 
molecules/nL were measured. 
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Chapter 5: Target validation of miR-21 and miR-34a in COPD 
using small airway epithelial cells 
 

5.1 Introduction 
 
MiR-21 and miR-34a function through binding with 3’UTR of target mRNA and induce mRNA 

degradation or repression of translation. Thus, aberrant levels of miR-21 and miR-34a, under 

certain conditions, can modulate their putative target gene expression and protein levels 

which may be important in the development and progression of diseases such as COPD. 

However, the effects of miR-21 and miR-34a on their putative targets that are associated with 

COPD are not fully understood.  

 

Previous studies utilised luciferase reporter assays to confirm miR-21 directly targets PTEN 

(Meng et al., 2007), PDCD4 (Frankel et al., 2008), CDC25A and NFIB (Dellago et al., 2013). PTEN 

is considered as a major risk factor of COPD demonstrated by single nucleotide polymorphism 

analysis (Hosgood et al., 2009). Expression and activity of PTEN is downregulated in peripheral 

lung tissues of COPD subjects and the protein levels of PTEN positively correlated with 

increased air flow obstruction (Yanagisawa et al., 2017). MiR-21 has also been shown to alter 

cell proliferation of human airway smooth muscle cells by targeting PTEN and activating the 

PI3K pathway (Lui et al., 2015). This suggest that the reduction of PTEN levels and 

phosphatase activity in COPD cells could be controlled by the upregulation of miR-21.  

 

The role of PDCD4 in COPD cells is unknown, however increased expression of miR-21 is 

correlated with decreased PDCD4 mRNA levels in alveolar macrophages of COPD subjects 

which also positively correlated with the decline in lung function (Qingchun et al., 2022). 

Studies have shown that reduced levels of miR-21 in bronchial epithelial cells from cystic 

fibrosis subjects was associated with upregulation of PDCD4 (Glasgow et al., 2020). This 

suggests that miR-21 could also regulate PDCD4 in COPD SAEC. The roles of CDC25A and NFIB 

are relatively unexplored in the context of COPD. However, tert-butyl hydroperoxide (tBHP) 

induced miR-21 in endothelial cells downregulated CDC25A and NFIB, and upregulated 

p21Cip1/Waf1 and CDK2 activity (Dellago et al., 2013). Thus, miR-21 may also regulate cellular 

senescence through regulating CDC25A and NFIB in a similar manner in COPD.  
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MiR-34a directly targets SIRT1 and SIRT6 in BEAS-2B cells confirmed by luciferase reporter 

assays (Baker et al., 2016). In peripheral lung tissues from COPD subjects compared to 

controls, SIRT1 and SIRT6 mRNA levels are decreased (Baker et al., 2016). Levels of SIRT1 were 

also decreased in peripheral lung, peripheral blood mononuclear cells and serum from COPD 

subjects (Nakamaru et al., 2009; Yanagisawa et al., 2017). Knockdown expression of miR-34a 

in COPD SAEC by an antagomir led to upregulation of SIRT1 and SIRT6 gene expression and 

decreased gene expression of p16INK4a and p21Cip1/Waf1 (Baker et al., 2016). This study also 

demonstrates in epithelial cells under oxidative stress, miR-34a is upregulated via the PI3K 

signalling pathway and directly downregulated SIRT1 and SIRT6 while reducing expression of 

p16INK4a and p21Cip1/Waf1 (Baker et al., 2016). COPD SAEC were also reported to exhibit an 

increased senescent phenotype staining positive for SA-β-gal and increased gene expression 

of senescent markers p16INK4a and p21Cip1/Waf1 (Baker et al., 2019). Therefore, the increased 

expression of miR-34a in COPD SAEC could be important in regulating SIRT1 and SIRT6, and 

downstream senescent markers and SASP release.  

 

Expression of miR-21 and miR-34a may have a significant impact on the roles of their putative 

targets in COPD pathophysiology. Therefore, this chapter is focused on validating miR-21 and 

miR-34a targets in SAEC from COPD subjects and non-smokers. 
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5.1.1 Hypothesis 
 
Mimics of miR-21 and miR-34a can inhibit their putative target gene expression in SAEC 

isolated from non-smokers and COPD subjects, leading to altered protein expression of their 

targets. 

 

5.1.2 Aims: 
 

• Assess the baseline expression of potential miRNA targets in SAEC from COPD subjects 

and non-smokers 

• Manipulate expression of miR-21 and miR-34a in SAEC using specific mimics and 

antagomirs 

• Examine the effect of miRNA mimics and antagomirs on mRNA and protein expression 

of potential miR-21 and miR-34a targets.
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5.2 Methods 
 

5.2.1 Cell culture 
 
Primary small airway epithelial cells were isolated and were maintained at 5% (v/v) CO2 at 37 

°C in complete culture medium as detailed in section 2.2.4. 

 

5.2.2 Transfection of small airway epithelial cells 
 

SAEC from COPD subjects and non-smokers were seeded at 2 x 105 cells/well on a 6-well plate 

in serum containing complete LHC-9 medium. Cells were serum starved 16 h before 

stimulation (Figure 5.1). Cells were transfected with 30 nM miRNA mimics and 60 nM miRNA 

antagomirs, using Lipofectamine RNAimax for 24 or 48 h (section 3.2.7) (Figure 5.1). For 

measurement of miRNA expression, cells were transfected for 24 h (Figure 5.1). For analysis 

of mRNA and protein expression, cells were transfected for 48 h (Figure 5.1). Cells were 

washed with PBS before RNA extraction or protein isolation.   

 

5.2.3 Measurement of miRNA and mRNA expression 
 
RNA was extracted from cells and reverse transcribed into cDNA detailed in section 2.2.6. 

Gene expression was measured using real-time qPCR described in section 2.2.6.3. Expression 

of miR-21 and miR-34a were measured and normalised to the expression of housekeeper 

gene (RNU-48). SIRT1, SIRT6, CDKN2A (p16INK4a), CDKN1A (p21Cip1/Waf1), PTEN, PDCD4, CDC25A 

and NFIB mRNA expression were measured and normalised to the expression of a 

housekeeper gene (RACK1). 

 

5.2.4 Protein isolation, quantification and Western blotting 
 

Proteins were isolated and quantified using the Bradford assay according to section 2.2.7.1. 

Protein expression of SIRT1, SIRT6, p16INK4a, p21Cip1/Waf1, PTEN, PDCD4, CDC25A and NFIB were 

measured using western blot as detailed in section 2.2.7.2 and normalised to the expression 

of β-actin. 
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5.2.5 Statistical analysis  
 
All data are presented as mean ± SEM and analysed using GraphPad Prism software (version 

9.4.0). Data from real-time qPCR were analysed by ΔΔCT. Statistical analysis are detailed in 

the figure legends.   

  

 
Figure 5.1 Timeline for cell transfection with miRNA mimics and inhibitors  

Small airway epithelial cells (SAEC) from non-smokers and COPD subjects were allowed to 
adhere overnight. Cells were serum starved for 16 h. Cells were transfected with miRNA 
mimics and inhibitors. For miRNA expression analysis, cells were transfected for 24 h. For 
mRNA and protein expression analysis, cells were transfected for 48 h. RNA were extracted, 
reverse transcribed and measured using qPCR analysis. Protein was isolated, quantified, and 
western blotting was performed. 
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5.3 Results 
 

5.3.1 Subject Demographics 
 
SAEC were isolated from lung tissue of non-smoker (n=6) and COPD (n=6) subjects, the 

participants’ demographics were previously outlined in Table 4.1. All the subjects were age 

matched. COPD had a significantly greater smoking history compared to non-smokers. There 

was a significant reduction of FEV1, FEV1% predicted and FEV1/FVC in COPD subjects 

compared to non-smokers. FVC measurements were similar for both subject groups.  

 

5.3.2 Gene expression of miR-21 and miR-34a potential targets 
 

To understand the potential effect of elevated levels of miR-21 and miR-34a in COPD subjects, 

the expression of their target genes was examined. Firstly, the expression of miR-34a direct 

targets SIRT1 and SIRT6, and downstream effectors CDKN2A (p16INK4a) and CDKN1A 

(p21Cip1/Waf1) were examined in COPD SAEC compared to non-smokers controls, as these have 

been implicated in COPD disease progression. As well as miR-34a targets, targets PTEN, 

PDCD4, CDC25A and NFIB of miR-21 were assessed in COPD and non-smokers SAEC.   

  

There was a trend for reduced expression of SIRT1 and SIRT6 in SAEC from COPD subjects 

compared to cells from non-smokers (Figure 5.2 A and B). Gene expression of senescence 

markers CDKN2A (p16INK4a) and CDKN1A (p21Cip1/Waf1) were significantly increased in COPD 

SAEC compared to non-smokers cells (Figure 5.2 C and D). On the other hand, gene expression 

of PTEN was significantly reduced in COPD SAEC compared to non-smokers (Figure 5.2E). 

However, no significant differences were observed in the gene expression of PDCD4, CDC25A 

or NFIB when comparing the two subject groups (Figure 5.2 F, G and H).  
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5.3.3  Effect of miRNA mimics and antagomirs on small airway epithelial cells  
 
Having examined the gene expression of potential miR-21 and miR-34a targets in SAEC, it was 

important to determine whether expression of miRNA could be manipulated in these cells in 

order to subsequently examine their effect on putative targets. Therefore, miR-21 and miR-

34a were overexpressed or reduced in SAEC and their expression measured, as well as both 

mRNA and protein levels of their putative targets.  

 

 

Figure 5.2 Baseline expression of mRNA genes in small airway epithelial cells (SAEC)  

SAEC were obtained from non-smokers (NS, ⚫, n=6) and COPD subjects (◼, n=6). RNA were 
isolated from SAEC. Gene expression of A) SIRT1, B) SIRT6, C) CDKN2A (p16INK4a), D) CDKN1A 
(p21Cip1/Waf1), E) PTEN, F) PDCD4, G) CDC25A and H) NFIB were determined using real-time 
qPCR, normalised to RACK1. Data are expressed as mean ± SEM. A Mann-Whitney U test used 
to test for subjects; *: p < 0.05 compared to NS.  
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5.3.3.1 miRNA expression 
 
SAEC from COPD subjects and non-smokers were transfected with either miR-21 or miR-34a 

mimics or antagomirs or control for 24 h. Expression of miR-21 and miR-34a were measured 

by real-time qPCR (Figure 5.3). An antagomir of miR-21 significantly reduced the expression 

of miR-21 in SAEC from COPD subjects and non-smokers (Figure 5.3A and E). On the other 

hand, miR-21 mimic significantly elevated the expression of miR-21 in SAEC for both subject 

groups (Figure 5.3B and F). Similarly, an antagomir of miR-34a significantly decreased 

expression of miR-34a (Figure 5.3 C and G) whereas a miR-34a mimic significantly increased 

the expression of miR-34a (Figure 5.3 D and H). These results are consistent with single cell 

analysis measurements (Figure 4.4 and Figure 4.5).  
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5.3.3.2  mRNA and protein expression 
 
To examine whether changes in the expression of miR-21 and miR-34a could alter expression 

of the putative targets, SAEC were transfected with mimics or antagomirs of miR-21 or miR-

34a for 48 h and their targets were assessed at mRNA and protein level. SAEC were 

transfected for 48 h instead of 24 h as a longer period of time is required to reduced mRNA 

 

Figure 5.3 Expression of miR-21 and miR-34a in small airway epithelial cells (SAEC) transfected 
with miRNA mimic and antagomir 

SAEC from A-D) non-smokers (NS, n=6) and E-H) COPD (n=6) subjects were transfected with 
miRNA antagomir negative control (Con I; ⚫), A, E) miR-21 antagomir (21 I; ◼) or C, G) miR-
34a antagomir (34a I; ▲), or miRNA negative control (Con M; ⚫), B, F) miR-21 (21 M; ◼) or D, 
H) miR-34a (34a M; ▲) mimic for 24 h. MiRNA were extracted from SAEC and expression of 
miR-21 and miR-34a were measured using real-time qPCR. Data was normalised to RNU48. 
Data were analysed by Mann-Whitney U test for significance between miRNA antagomir or 
mimic with control, **: p < 0.01. 
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and protein expression in order to examine the functional effect of the miRNA mimics and 

antagomirs.  

 

SIRT1 has previously been demonstrated as a direct target of miR-34a, both at the mRNA and 

protein level (Baker et al., 2016). This was confirmed here where transfection of a miRNA-34a 

mimic in non-smokers SAEC significantly reduced mRNA and protein levels by 0.8-fold 

(p<0.05) and 0.6-fold (p<0.05) respectively (Figure 5.4 A and E). Conversely, transfection with 

an antagomir of miR-34a significantly enhanced SIRT1 gene expression by 1.7-fold (p<0.05) 

and protein levels by 2.3-fold (p<0.05) (Figure 5.4 B and F).  

 

SIRT1 is an indirect target of miR-21 (Lin et al., 2017) and when non-smokers SAEC were 

transfected with a miR-21 mimic, SIRT1 gene and protein expression were significantly 

increased by 2.6-fold (p<0.05) and 1.8-fold (p<0.05) respectively (Figure 5.4 A and E). 

Inversely, an antagomir inhibited miR-21 which led to significantly reduced SIRT1 gene and 

protein expression by 0.4-fold (p<0.05) (Figure 5.4 B and F). 

 

SIRT6 is also a direct target of miR-34a, and when SAEC from non-smokers were transfected 

with a miR-34a mimic, SIRT6 gene and protein expression were decreased slightly by 0.4-fold 

and 0.3-fold respectively (Figure 5.4 C and G). Inversely, non-smokers SAEC transfected an 

antagomir of miR-34a, SIRT6 gene expression was elevated by 2.1-fold and protein levels by 

2.7-fold (Figure 5.4 D and H).  

 

Transfection with a miR-21 mimic in non-smokers SAEC led to an increase in SIRT6 gene 

expression by 1.6-fold and protein levels by 2.9-fold (Figure 5.4 C and G). However, when non-

smokers SAEC were transfected with an antagomir of miR-21, this showed no effect on SIRT6 

gene expression and reduced SIRT6 protein levels by 0.6-fold (Figure 5.4 D and H). 

 

Transfection with miRNA mimics to increase miR-21 and miR-34a led to significantly increased 

gene expression of CDKN2A (p16INK4a) by 1.7-fold and 2-fold respectively (Figure 5.5A). This 

was confirmed with protein expression of p16INK4a which significantly increased by 1.7-fold 

with the miR-34a mimic and 1.5-fold with the miR-21 mimic (Figure 5.5H). Conversely, the 

antagomirs of either miR-34a or miR-21 significantly reduced gene expression of CDKN2A 
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(p16INK4a) by 0.2-fold and 0.1-fold which is a negligible decrease (Figure 5.5B). Antagomirs of 

miR-34a and miR-21 also significantly reduced p16INK4a protein levels by 0.3-fold and 0.5-fold 

respectively (Figure 5.5F).  

 

Similarly, non-smoker SAEC transfected with either mimic of miR-34a or miR-21 resulted 

significantly increased gene expression of CDKN1A (p21Cip1/Waf1) by 1.4-fold (miR-34a mimic) 

and 1.5-fold (miR-21 mimic) (Figure 5.5C). Transfection with miR-21 and miR-34a mimic also 

led to significantly elevated p21Cip1/Waf1 protein levels 1.8-fold and 1.5-fold respectively 

(Figure 5.5G). Inversely, non-smokers SAEC transfected with an antagomir of miR-21 or miR-

34a significantly reduced expression of CDKN1A (p21Cip1/Waf1) by 0.2-fold at both mRNA and 

protein levels (Figure 5.5 D and H).Figure 5.5 
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Figure 5.4 Effect of miRNA mimic and antagomir on expression of SIRT1 and SIRT6 in small 
airway epithelial cells (SAEC) from non-smokers  

SAEC from non-smokers (NS, n=6) were transfected with miRNA negative control (●), miR-21 
(■) or miR-34a (▲) mimic (Con M, 21 M, 34a M) or antagomir (Con I, 21 I, 34a I) for 48 h. RNA 
and protein were extracted from SAEC. Gene expression of A, B) SIRT1 and, C, D) SIRT6 were 
measured using real-time qPCR and normalised to RACK1. Western blots of E, F) SIRT1 and, 
G, H) SIRT6 protein expression are represented, quantified, and normalised to β-actin. Data 
were analysed by Kruskal Wallis and post hoc Dunn’s to test for significance between miRNA 
antagomir or mimic with control, *: p < 0.05. 
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Having examined miR-34a direct targets SIRT1 and SIRT6, and their downstream effectors 

p16INK4a and p21Cip1/Waf1 in non-smokers SAEC transfected with miRNA mimics and antagomirs 

(Figure 5.5), the putative direct targets of miR-21 were assessed in SAEC from COPD and non-

smokers. 

 

 
 
Figure 5.5 Effect of miRNA mimic and antagomir on expression of p16INK4a and p21Cip1/Waf1 
in small airway epithelial cells (SAEC) from non-smokers 

SAEC from non-smokers (NS, n=6) were transfected with miRNA negative control (●), miR-
21 (■) or miR-34a (▲) mimic (Con M, 21 M, 34a M) or antagomir (Con I, 21 I, 34a I) for 48 
h. RNA and protein were extracted from SAEC. Gene expression of A, B) CDKN2A (p16INK4a) 
and, C, D) CDKN1A (p21Cip1/Waf1) were measured using real-time qPCR and normalised to 
RACK1. Western blots of E, F) p16INK4a and, G, H) p21Cip1/Waf1 protein expression are 
represented, quantified, and normalised to β-actin. Data were analysed by Kruskal Wallis 
and post hoc Dunn’s to test for significance between miRNA antagomir or mimic with 
control, ***: p < 0.001 **: p < 0.01 *: p < 0.05. 
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PTEN is a putative target of miR-21. Transfection of a miR-21 mimic in non-smokers SAEC 

caused a significant reduction of PTEN gene expression by 0.5-fold (p<0.001) and protein 

levels by 0.8-fold (p<0.001) (Figure 5.6 A and E). The same trend was observed in COPD SAEC 

transfected with a miR-21 mimic, where expression of PTEN was significantly decreased both 

at the mRNA and protein expression by 0.4-fold (p<0.05) (Figure 5.6 C and G). Inversely, non-

smokers SAEC transfected with an antagomir of miR-21 significantly elevated gene expression 

of PTEN by 2.4-fold (p<0.01) which was confirmed with significant increased PTEN protein 

levels of 1.8-fold (p<0.01) (Figure 5.6 B and F). The same trend was observed in COPD SAEC 

transfected with an antagomir of miR-21, leading to significant increased gene expression of 

PTEN by 2.4-fold (p<0.01) and PTEN protein levels by 1.8-fold (p<0.01) (Figure 5.6 D and H) 

 

The effect of altered miR-34a levels on PTEN was assessed in SAEC. Transfection of miR-34a 

mimic in non-smoker SAEC led to significant reduction of PTEN gene expression by 0.4-fold 

(p<0.05) and protein levels by 0.6-fold (p<0.05) (Figure 5.6 A and E). Similarly, in COPD SAEC 

transfected with a miR-34a mimic caused a significant decreased gene expression and protein 

levels of PTEN by 0.5-fold (p<0.05) (Figure 5.6 C and G). However, non-smoker SAEC 

transfected with an antagomir of miR-34a showed no effect on PTEN gene expression but had 

a significant elevation in protein levels by 1.4-fold (p<0.05) (Figure 5.6 B and F). Transfection 

of miR-34a antagomir in COPD SAEC led to significant increased PTEN gene (p<0.05) and 

protein expression (p<0.01) by a 1.8-fold (Figure 5.6 D and H).  

 

PDCD4 is another putative target of miR-21. MiR-21 mimics were transfected to increase miR-

21 expression in non-smoker SAEC, leading to a significant reduction of PDCD4 expression 

both at mRNA and protein level by 0.3-fold (p<0.01) and 0.4-fold (p<0.01) respectively (Figure 

5.7 A and E). The same trend was observed in COPD SAEC transfected with miR-21 mimic 

which resulted a 0.3-fold significant decrease in the expression of PTEN mRNA (p<0.01) and 

protein (p<0.05) (Figure 5.7 C and G). Conversely, transfection of miR-21 antagomir in non-

smokers SAEC led to a significant elevation of PDCD4 gene expression by 2.3-fold (p<0.05) and 

protein expression by 1.9-fold (p<0.05) (Figure 5.7 B and F). Similarly, in COPD SAEC 

transfected with an antagomir of miR-21 also significantly increased PDCD4 gene and protein 

expression by 1.5-fold (p<0.01) and 1.4-fold (p<0.01) respectively (Figure 5.7 D and H).  
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Next the effect of manipulated miR-34a levels on PDCD4 was investigated. Transfection of 

miR-34a mimic in non-smoker SAEC led to a significant reduction of PDCD4 gene expression 

by 0.3-fold (p<0.01) and protein levels by 0.2-fold (p<0.05) (Figure 5.7 A and E). Although 

COPD SAEC transfected with miR-34a mimic significantly decreased PDCD4 gene expression 

by 0.3-fold (p<0.01), there was no effect on PDCD4 protein levels (Figure 5.7 C and G). An 

antagomir inhibited miR-34a expression in non-smoker SAEC which showed no differences in 

PDCD4 mRNA and protein expression (Figure 5.7 B and F). However, COPD SAEC transfected 

with an antagomir of miR-34a led to a significant elevation of PDCD4 gene expression by 1.4-

fold (p<0.01) and protein expression by 1.2-fold (p<0.05) (Figure 5.7 D and H).   



182 | P a g e  
 

 

 

 

 

 

 
Figure 5.6 Effect of miRNA mimic and antagomir on expression of PTEN in small airway 
epithelial cells (SAEC) 

SAEC from non-smokers (NS, n=6) and COPD subjects (n=6) were transfected with a miRNA 
negative control (●), miR-21 (■) or miR-34a (▲) mimic (Con M, 21 M, 34a M) or antagomir 
(Con I, 21 I, 34a I) for 48 h. RNA and protein were extracted from SAEC. A-D) Gene expression 
of PTEN was measured using real-time qPCR and normalised to RACK1. E-H) Western blots 
of PTEN protein expression are represented, quantified, and normalised to β-actin. Data 
were analysed by Kruskal Wallis and post hoc Dunn’s to test for significance between miRNA 
antagomir or mimic with control, ***: p < 0.001 **: p < 0.01 *: p < 0.05. 
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CDC25A is also a putative target of miR-21. When non-smokers SAEC were transfected with 

miRNA mimics to increase miR-21 expression, this led to a significant reduction of CDC25A 

gene expression by 0.3-fold (p<0.05) and protein levels by 0.4-fold (p<0.01) (Figure 5.8 A and 

E). Similarly, transfection of miR-21 mimics in COPD SAEC led to significant reduction of 

CDC25A gene expression by 0.2-fold (p<0.01) and protein levels by 0.5-fold (p<0.01) (Figure 

5.8 C and G). Conversely, transfection of miR-21 antagomir in non-smokers SAEC caused a 

 

Figure 5.7 Effect of miRNA mimic and antagomir on expression of PDCD4 in small airway 
epithelial cells (SAEC) 

SAEC from non-smokers (NS, n=6) and COPD subjects (n=6) were transfected with miRNA 
negative control (●), miR-21 (■) or miR-34a (▲) mimic (Con M, 21 M, 34a M) or antagomir 
(Con I, 21 I, 34a I) for 48 h. RNA and protein were extracted from SAEC. A-D) Gene expression 
of PDCD4 was measured using real-time qPCR and normalised to RACK1. E-H) Western blots of 
PDCD4 protein expression are represented, quantified, and normalised to β-actin. Data were 
analysed by Kruskal Wallis and post hoc Dunn’s to test for significance between miRNA 
antagomir or mimic with control, **: p < 0.01 *: p < 0.05. 
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significant elevation of CDC25A gene expression by 1.5-fold (p<0.01) and protein levels by 1.8-

fold (p<0.01) (Figure 5.8 B and F). However, COPD SAEC transfected with miR-21 antagomir 

had no effect on CDC25A gene expression or protein expression (Figure 5.8 D and H). 

 

In similar experiments, non-smokers SAEC transfected with miRNA mimic to increase miR-34a 

expression led to a significant reduction of CDC25A gene expression by 0.4-fold (p<0.01) and 

had no effect on CDC25A protein levels (Figure 5.8 A and E). When COPD SAEC were 

transfected with miR-34a mimic, this also caused a significant decrease of CDC25A gene 

expression by 0.2-fold (p<0.01) while no effect on protein levels (Figure 5.8 C and G). 

However, when non-smokers SAEC were transfected with an antagomir, this led to a 

significant elevation of CDC25A gene expression by 1.3-fold (p<0.05) but had no effect on 

CDC25A protein levels (Figure 5.8 B and F). Similarly, COPD SAEC transfected with an 

antagomir of miR-34a also did not alter CDC25A mRNA or protein levels (Figure 5.8 D and H).  

 

Another putative target of miR-21, NFIB was investigated in SAEC. MiRNA mimics were 

transfected in non-smokers SAEC to increase miR-21 expression, leading to a significant 

reduction of NFIB gene expression by 0.3-fold (p<0.01) and protein levels by 0.5-fold (p<0.05) 

(Figure 5.9 A and E). Similarly, when COPD SAEC were transfected with miR-21 mimic, there 

was a significant reduction of NFIB gene expression by 0.3-fold but had no effect on NFIB 

protein expression (Figure 5.9 C and G). Inversely, when an antagomir inhibited levels of miR-

21 in non-smokers SAEC, this led to a significant increase in NFIB gene expression by 1.8-fold 

(p<0.001) and protein levels by 2.4-fold (p<0.001) (Figure 5.9 B and F). A similar result was 

observed in COPD SAEC when transfected with miR-21 antagomir which led to a significant 

increase in NFIB gene expression by 1.8-fold (p<0.01) and protein levels by 1.5-fold (p<0.01) 

(Figure 5.9 D and H).  

 

Next, the effect of manipulated miR-34a levels on NFIB in SAEC was also assessed. MiRNA 

mimics were transfected to increase miR-34a in non-smokers SAEC, leading to a significant 

decrease in NFIB gene expression by 0.2-fold (p<0.05) but had no effect on NFIB protein levels 

(Figure 5.9 A and E). Similarly, COPD SAEC transfected with miR-34a mimic led to a significant 

reduction of NFIB gene expression by 0.5-fold (p<0.001) and no differences in NFIB protein 

levels were observed (Figure 5.9 C and G). However, when non-smokers SAEC were 
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transfected with an antagomir of miR-34a, there was a significant increase of NFIB gene 

expression by 1.4-fold (p<0.01) and protein levels by 1.6-fold (p<0.01) (Figure 5.9 B and F). 

Although transfection of miR-34a antagomir in COPD SAEC caused a significant increase in 

gene expression of NFIB by 1.7-fold (p<0.01), there were no effect on NFIB protein levels 

(Figure 5.9 D and H). 

  

 

Figure 5.8 Effect of miRNA mimic and antagomir on expression of CDC25A in small airway 
epithelial cells (SAEC) 

SAEC from non-smokers (NS, n=6) and COPD subjects (n=6) were transfected with miRNA 
negative control (●), miR-21 (■) or miR-34a (▲) mimic (Con M, 21 M, 34a M) or antagomir 
(Con I, 21 I, 34a I) for 48 h. RNA and protein were extracted from SAEC. A-D) Gene expression 
of CDC25A was measured using real-time qPCR and normalised to RACK1. E-H) Western blots 
of CDC25A protein expression are represented, quantified, and normalised to β-actin. Data 
were analysed by Kruskal Wallis and post hoc Dunn’s to test for significance between miRNA 
antagomir or mimic with control, **: p < 0.01 *: p < 0.05. 
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Figure 5.9 Effect of miRNA mimic and antagomir on expression of NFIB in small airway 
epithelial cells (SAEC) 

SAEC from non-smokers (NS, n=6) and COPD subjects (n=6) were transfected with miRNA 
negative control (●), miR-21 (■) or miR-34a (▲) mimic (Con M, 21 M, 34a M) or antagomir 
(Con I, 21 I, 34a I) for 48 h. RNA and protein were extracted from SAEC. A-D) Gene expression 
of NFIB was measured using real-time qPCR and normalised to RACK1. E-H) Western blots of 
NFIB protein expression are represented, quantified, and normalised to β-actin. Data were 
analysed by Kruskal Wallis and post hoc Dunn’s to test for significance between miRNA 
antagomir or mimic with control, ***: p 0.001 **: p < 0.01 *: p < 0.05. 
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5.4 Discussion 
 
In the chapter 4, miR-21 and miR-34a were shown to be up-regulated in SAEC from COPD 

subjects compared to non-smokers. MiR-21 and miR-34a gene regulation of putative targets 

are relatively unexplored in COPD SAEC. In this chapter, the expression of miR-21 and miR-

34a were altered using mimics and antagomirs to manipulate their putative target mRNA and 

protein expression in SAEC.  

 

Concordant with a previous study in COPD peripheral lung and bronchial epithelial cells 

(Yanagisawa et al., 2017), expression of PTEN gene was decreased in COPD SAEC compared 

to non-smokers. Reduced levels of PTEN are suggested to be a contributing factor for the 

progression of COPD through PI3K signalling pathway that is activated in COPD airway 

epithelial cells (Hosgood et al., 2009; Ganesan et al., 2012; Yanagisawa et al., 2017). The data 

in this chapter also showed inhibition of miR-21 in SAEC from COPD subjects and non-smokers 

by transfection of a miR-21 antagomir led to elevated expression of PTEN both at the mRNA 

and protein levels. This is consistent with literature that showed PTEN is a direct target of 

miR-21 in human hepatocyte cells (Meng et al., 2007). However, altered levels of miR-21 on 

PTEN mRNA and protein levels have not been previously shown in SAEC. The data presented 

here suggest that an antagomir of miR-21 could be used to restore the levels of PTEN in COPD 

cells.  

 

Although PDCD4 have not been previously studied in COPD epithelial cells, there is a 

significant reduction of PDCD4 mRNA levels in COPD alveolar macrophages which is 

associated with increased expression of miR-21 (Qingchun et al., 2022). The data in this 

chapter showed there were no significant differences in the gene expression of PDCD4 in SAEC 

between COPD and non-smoker subjects. On the other hand, miRNAs do not always regulate 

the levels of mRNA, they can bind and inhibit translation, and thereby suppress protein 

production. Thus, it is possible that there is a reduced protein level of PDCD4 in COPD SAEC 

but not mRNA and this is regulated by miR-21. The data also demonstrated that 

overexpression of miR-21 led to significant reduction of PDCD4 mRNA and protein expression 

in SAEC for both subject groups. Additionally, inhibition of miR-21 expression resulted 

significant elevation of PDCD4 mRNA and protein expression. While this is a single time point 
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measurement, it is plausible that PDCD4 mRNA and protein levels can be controlled by 

altering levels of miR-21. However, despite the increased expression of miR-21 in COPD SAEC, 

there were no differences in PDCD4 gene expression. This suggest that mRNA levels of PDCD4 

in COPD SAEC is not only modulated by the binding of miR-21 to its 3’UTR region. PDCD4 gene 

expression could be tightly controlled at the transcriptional level in non-smokers and COPD 

SAEC. For example, PDCD4 gene expression is modulated at transcription by Zinc-finger 

protein (ZBP) transcription factors such as specificity protein (Sp) and ZBP-89 which binds to 

the PDCD4 promoter region and increases PDCD4 mRNA levels (Leupold et al., 2012). There 

is also evidence that suggest expression of the PDCD4 gene is regulated by interleukins such 

as IL-2, IL-12 and IL-15 (Azzoni et al., 1998; Pin et al., 2020). It is plausible that the rate of 

transcription has a greater consequence on gene expression of PDCD4 than the inhibition by 

miR-21 in SAEC.   

 

Protein and mRNA levels of CDC25A have not been previously reported in COPD samples 

including cells. The data here show no significant differences in CDC25A gene expression in 

SAEC from COPD subjects and non-smokers. As CDC25A is an essential for cell cycle 

progression, its expression in SAEC could be tightly regulated at transcriptional level by 

elongation factor 2 binding factor (E2F) (Vigo et al., 1999) and c-myc (Galaktionov, Chen & 

Beach, 1996). CDC25A mRNA and protein levels were further explored in SAEC by altering 

miR-21 expression. The data demonstrated overexpression of miR-21 using a miR-21 mimic 

led to significant reduction of CDC25A mRNA and protein levels in COPD and non-smokers 

cells. However, an antagomir of miR-21 in COPD cells resulted no significant differences in 

CDC25A mRNA and protein levels. In non-smokers cells, mRNA and protein levels of CDC25A 

were significantly elevated. This may suggest that CDC25A mRNA in COPD cells is more 

susceptible to the effect of inhibiting miR-21 with an antagomir. On the other hand, since 

COPD SAEC display a senescent phenotype and this is a single time point measurement, levels 

of CDC25A could be elevated by inhibition of miR-21 and in parallel suppressed by CHK1 and 

CHK2 in the DNA repair pathway (McNeely, Beckmann & Bence Lin, 2014).  

 

Levels of NFIB have also not been previously explored in COPD. The data here show a trend 

towards decreased NFIB expression in SAEC from COPD compared to non-smokers. It has 

been demonstrated that increased expression of miR-21 downregulated NFIB mRNA levels in 
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senescent endothelial cells (Dellago et al., 2013). The data in this chapter show inhibition of 

miR-21 in SAEC COPD and non-smokers by an antagomir, resulted in significantly increased 

expression of NFIB both at mRNA and protein levels. This suggests that the reduced levels of 

NFIB in COPD SAEC could be restored using an antagomir against miR-21. Whilst 

overexpression of miR-21 using a mimic in non-smokers cells resulted decreased NFIB mRNA 

and protein levels, in COPD cells NFIB mRNA levels were reduced and had no effect on NFIB 

protein levels. This could be due to mRNA degradation of NFIB and/or a negative feedback 

regulatory relationship between miR-21 and NFIB (Fujita et al., 2008). While it is possible that 

levels of NFIB are controlled by miR-21 in COPD SAEC, NFIB protein can also act as a 

transcriptional repressor by binding to the miR-21 promoter. However, levels of pri-miR-21 

or pre-miR-21 were not measured in this study, and this is a single time point measurement, 

thus further investigation is required to understand association between expression of miR-

21 and NFIB in COPD SAEC.  

 

In agreement with a previous study in COPD epithelial cells (Baker et al., 2016), reduced gene 

expression of SIRT1 and SIRT6 were observed in COPD SAEC compared to non-smokers. The 

data in this chapter also showed that inhibition of miR-34a by an antagomir led to elevation 

of SIRT1 and SIRT6 mRNA and protein levels in SAEC from non-smokers. This is consistent with 

a previous study that showed that antagomir of miR-34a can elevate mRNA levels of SIRT1 

and SIRT6 in BEAS-2B cells and SAEC (Baker et al., 2016). This suggests an antagomir of miR-

34a could restore the reduced expression of SIRT1 and SIRT6 and, their protein deacetylation 

role in COPD SAEC.  

 

The data shown here is consistent with literature in COPD SAEC (Zeng & Zeng, 2021), gene 

expression of p16INK4a and p21Cip1/Waf1 were significantly elevated in COPD SAEC compared to 

non-smokers. This suggests that COPD SAEC exhibit cell cycle arrest and senescent phenotype 

that may be associated with the elevated expression of miR-34a and miR-21. The data also 

show that overexpression of miR-21 or miR-34a in SAEC from non-smokers resulted 

significant reduction of p16INK4a and p21Cip1/Waf1 both at mRNA and protein levels. Additionally, 

the data also show inhibition of miR-21 or miR-34a by an antagomir led to a decreased mRNA 

and protein levels of p16INK4a and p21Cip1/Waf1. This agrees with a previous study that showed 

miR-34a antagomir can suppress expression of p16INK4a and p21Cip1/Waf1 in COPD epithelial cells 
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(Baker et al., 2016). This may suggest that the aberrant levels of p16INK4a and p21Cip1/Waf1 

during the progression of COPD could be modulated by antagomirs of miR-21 and miR-34a.  

 

5.5 Conclusion 
 

Data presented in this chapter shows that gene expression of miR-21 targets (PTEN, PDCD4, 

CDC25A and NFIB) and miR-34a targets (SIRT1 and SIRT6), and senescent markers (CDKN2A, 

p16INK4a and CDKN1A, p21Cip1/Waf1) were altered in COPD SAEC compared to non-smokers SAEC 

at baseline level (Figure 5.10). This chapter also demonstrated that the targets mRNA and 

protein levels can be manipulated in SAEC through transfection of a miRNA mimic or 

antagomir. Mimics of miR-21 and miR-34a in SAEC led to reduced expression of targets mRNA 

and protein levels in SAEC (Figure 5.10). The hypothesis can be partially accepted as miR-21 

mimic was unable to suppress protein expression of NFIB target in SAEC with statistical 

significance. The data in this chapter are single time point measurements which may not truly 

reflect the expression of miRNA on their target genes. There may also be other miRNAs, 

transcription factors, translation factors and pathways that are regulating these targets which 

were not explored in this chapter.   
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Figure 5.10 Summary of miR-21 and miR-34a, and their target mRNA and protein levels in 
small airway epithelial cells (SAEC) from non-smokers (NS) and COPD subjects 

(A) At baseline levels, miR-21 and miR-34a in COPD SAEC are upregulated. Targets of miR-
21, PTEN and NFIB genes were decreased while PDCD4 and CDC25A genes were increased. 
Targets of miR-34a, SIRT1 and SIRT6 genes were decreased. Cell cycle inhibitors, (CDKN2A) 
p16INK4a and (CDKN1A) p21Cip1./Waf1 genes were elevated. (B) SAEC from COPD or NS subjects 
transfected with miR-21 mimic led to elevated levels of miR-21. This led to decreased mRNA 
and protein levels of PTEN, PDCD4 and CDC25A. Similarly, mimic of miR-21 in NS SAEC, 
suppressed NFIB mRNA and protein levels. However, miR-21 mimic in COPD SAEC, led to 
decreased NFIB mRNA levels and no effect protein levels. (C) NS SAEC transfected with miR-
34a mimic led to elevated levels of miR-34a. This led to decreased SIRT1 mRNA and protein 
levels while no significant differences in SIRT6 mRNA and protein levels. COPD: Chronic 
obstructive pulmonary disease, miR-21: MicroRNA-21, miR-34a: MicroRNA-34a, PTEN: 
Phosphatase and tensin homolog, PDCD4: Programmed cell death 4, CDC25A: cell division 
cycle 25A, NFIB: Nuclear factor I B, SIRT1: Sirtuin-1, SIRT6: Sirtuin-6, ns: Not statistically 
significant.  
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Chapter 6: Target validation of miR-21 and miR-34a in COPD 
using small airway fibroblasts 
 

6.1 Introduction 
 

In Chapter 4, levels of miR-21 and miR-34a were found to be significantly elevated in COPD 

SAF compared to non-smokers SAF. However, the regulation of miR-21 and miR-34a on their 

putative targets in SAF is unclear.  

 

Evidence suggests miR-21 may have a tissue repair response role in COPD lung fibroblasts via 

the TGF-β signalling pathway (Ong et al., 2017, 2019). MiR-21 may play a role in small airway 

fibrosis which is a major driver of airway remodelling during initiation of COPD. MiR-21 

putative targets, PTEN, PDCD4, CDC25A and NFIB have not been previously explored in 

fibroblasts from COPD subjects. However, PTEN negatively regulates myofibroblast 

differentiation (White et al., 2006). In lung tissues from IPF subjects and in a bleomycin-

induced mouse pulmonary fibrosis model, reduced levels of PTEN led to an activated NF-κB 

pathway with increased expression of senescent markers such as p16INK4a and p21Cip1/Waf1 and 

fibrotic markers such as α-SMA in fibroblasts (Tian et al., 2019). In a human foetal lung 

fibroblast cell line MRC-5, miR-21 directly targets PDCD4 and induces fibroblasts to undergo 

myofibroblast trans-differentiation (Yao et al., 2011). Thus, PTEN and PDCD4 may be involved 

in increasing myofibroblasts in the small airways of COPD. CDC25A may have a cell cycle 

regulatory role and contribute to senescent phenotype in COPD SAF (Dellago et al., 2013). The 

role of NFIB in fibroblasts is unclear, however miR-21 may downregulate NFIB which 

upregulates p21Cip1/Waf1 (Dellago et al., 2013) and induce senescence in SAF.  

 

Increased levels of miR-34a in COPD and non-smoker SAF led to reduced levels of target gene 

SIRT1 expression while increasing expression of senescent markers (Wrench et al., 2017). 

Since miR-34a directly targets SIRT1 and SIRT6 (Baker et al., 2016), these anti-ageing 

molecules may have an important role in lung tissue repair response in COPD. MiR-21 and 

miR-34a may have a role in COPD SAF through regulating target genes and associated 

pathways that are involved in COPD pathogenesis. Therefore, this chapter is focused on 

investigating miR-21 and miR-34a putative targets in SAF from COPD subjects and non-

smokers. 
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6.1.1 Hypothesis 
 
Altered expression of miR-21 and miR-34a in SAF can directly influence their putative target 

mRNA and protein expression 

 

6.1.2 Aims: 
 

• Determine gene expression of miR-21 and miR-34a potential targets in SAF obtained 

from COPD subjects and controls at baseline 

• Alter the expression of miR-21 and miR-34a in SAF from COPD subjects and controls 

using miRNA mimics and antagomirs 

• Assess mRNA and protein expression of the potential targets in SAF when levels of 

miR-21 or miR-34a are modified 
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6.2 Methods 
 

6.2.1 Cell culture 
 
SAF were isolated and maintained at 5% (v/v) CO2 at 37 °C in complete culture medium as 

described in section 2.2.4. 

 

6.2.2 Transfection of small airway fibroblasts 
 

SAF from non-smokers and COPD subjects were seeded at 2 x 105 cells/well on a 6-well plate 

in serum containing complete DMEM medium. Cells were serum starved 16 h prior to 

transfection with 30 nM miRNA mimics and 60 nM miRNA antagomirs using Lipofectamine 

RNAimax (section 3.2.7). For measurement of miRNA expression, cells were transfected for 

24 h. For analysis of mRNA and protein expression, cells were transfected for 48 h.  

 

6.2.3 Measurement of miRNA and mRNA expression 
 
RNA was extracted from SAF, reverse transcribed and gene expression were measured using 

real-time qPCR described in 2.2.6. Expression of miR-21 and miR-34a were normalised to the 

expression of housekeeper gene (RNU-48). Gene expression of SIRT1, SIRT6, CDKN2A 

(p16INK4a), CDKN1A (p21Cip1/Waf1), PTEN, PDCD4, CDC25A and NFIB were normalised to the 

gene expression of a housekeeper (RACK1). 

 

6.2.4 Protein isolation, quantification and Western blotting 
 
Proteins were isolated from SAF and quantified using the Bradford assay as described in 

section 2.2.7.1. Protein expression of SIRT1, SIRT6, p16INK4a, p21Cip1/Waf1, PTEN, PDCD4, 

CDC25A and NFIB were measured using western blot as detailed in section 2.2.7.2 and 

normalised to expression of β-actin. 

 

6.2.5 Statistical analysis  
 

All data are presented as mean ± SEM and analysed using GraphPad Prism software (version 

9.4.0). Data from real-time qPCR were analysed by ΔΔCT. Statistical analysis are detailed in 

the figure legends.   
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6.3 Results 
 

6.3.1 Subject Demographics 
 
SAF where isolated from lung tissue obtained from non-smokers (n=6) and COPD (n=8) 

subjects and the demographics are shown in (Table 6.1). All participants were age matched.  

There was a significantly higher smoking history in COPD participants compared to non-

smokers. A significant reduction of FEV1, FEV1 % predicted and FEV1/FVC in COPD subjects 

compared to non-smoker subjects. There were no significant differences between the FVC in 

both subject groups.  

 

6.3.2 Gene expression of miR-21 and miR-34a potential targets 
 
Having investigated the putative targets of miR-21 and miR-34a in SAEC in Chapter 5, these 

targets were also explored in SAF.  

 

Gene expression of SIRT1, SIRT6, PTEN and NFIB were significantly reduced in COPD SAF 

compared to non-smoker SAF (Figure 6.1 A, B, E, and H). Conversely, gene expression of 

  Non-smoker COPD 

Subjects, n 6 8 

Age, years 70.00 ± 2.97 70.63 ± 2.92 

Sex, M:F 2:4 4:4 

Smoking history, Pack-
years # 

0.00 44.08 ± 9.14** 

FEV1, L 2.13 ± 0.17 1.13 ± 0.17** 

FEV1, % predicted 102.60 ± 8.79 47.20 ± 11.58* 

FVC, L 2.87 ± 0.24 2.75 ± 0.40 

FEV1/FVC 0.75 ± 0.02 0.41 ± 0.07* 

 

Table 6.1 Subject demographics for small airway fibroblasts (SAF) obtained from non-
smoker and COPD subjects 

FEV1: Forced Expiratory Volume in 1 second. FVC: Forced Vital Capacity. 1 pack year: 20 
cigarettes a day for one year. Data shown as mean ± SEM. Mann-Whitney U test was used 
to test significant differences between subject groups. *: p<0.05 **: p<0.01 compared to NS 
group. 
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CDKN1A (p21Cip1/Waf1) and CDC25A were significantly increased in SAF from COPD subjects 

compared to controls (Figure 6.1 D and G). Although there is no significant difference in the 

gene expression of CDKN2A (p16INK4a) and PDCD4 between the two subject groups, there is 

an increased trend in SAF from COPD subjects with a fold change of 1.7-fold and 1.8-fold 

respectively (Figure 6.1 C and F). 

 

 

 

 
Figure 6.1 Baseline expression of miRNA target genes in small airway fibroblasts (SAF) from 
non-smokers and COPD subjects 

SAF were obtained from non-smokers (NS, ⚫, n=6) and COPD subjects (◼, n=8). RNA were 
isolated from SAF. Gene expression of A) SIRT1, B) SIRT6, C) CDKN2A (p16INK4a), D) CDKN1A 
(p21Cip1/Waf1), E) PTEN, F) PDCD4, G) CDC25A and H) NFIB were determined using real-time 
qPCR, normalised to RACK1. Data are expressed as mean ± SEM. A Mann-Whitney U test 
used to test for significance between COPD subjects; ***: p < 0.001 **: p < 0.01 *:  p < 0.05 
compared to NS. 
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6.3.3 Effect of miRNA mimics and antagomirs on small airway fibroblasts  
 
Having examined the gene expression of potential targets of miR-21 and miR-34a in SAF, it 

was important to determine whether expression could be manipulated by altering miR-21 

and miR-34a. Therefore, these miRNAs were overexpressed or inhibited in SAF, and their 

expression were determined, and also their putative target mRNA and protein expression 

were examined. 

 

6.3.3.1 miRNA expression 
 
SAF from COPD subjects and non-smokers were transfected with miR-21 or miR-34a mimics, 

antagomirs or control sequences for 24 h. Expression of miR-21 and miR-34a were measured 

by real-time qPCR. The results are similar to single cell analysis measurements (Figure 4.6 and 

Figure 4.7). MiR-21 mimics and antagomirs significantly over expressed or reduced the 

expression of miR-21 in SAF from COPD subjects and non-smokers (Figure 6.2 A, B, E and F). 

The same trend is also observed when SAF were transfected with miR-34a mimics and 

antagomirs which led to significant increase or decrease in miR-34a expression (Figure 6.2 C, 

D, G and H). 
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Figure 6.2 Expression of miR-21 and miR-34a in small airway fibroblasts (SAF) transfected 
with miRNA mimic and antagomir 

SAF from non-smokers (n=6) and COPD (n=6) subjects were transfected with miRNA 
negative control (Con I; ⚫), A, E) miR-21 (21 I; ◼) or C, G) miR-34a (34a I; ▲) antagomir, or 
miRNA negative control (Con M; ⚫), B, F) miR-21 (21 M; ◼) or D, H) miR-34a (34a M; ▲) 
mimic for 24 h. MiRNA were extracted from SAF and expression of miR-21 was measured 
using real-time qPCR. Data were normalised to RNU48. Data were analysed by Kruskal Wallis 
and post hoc Dunn’s to test for significance between miRNA antagomir or mimic with control 
antagomir or mimic, **: P < 0.01. 
 

 



199 | P a g e  
 

6.3.3.2 mRNA and protein expression 
 
Since the expression of miR-21 and miR-34a in fibroblasts can be altered by specific mimics 

and antagomirs, the next step was to assess the functional effects of mimics and antagomirs 

on their putative targets. Therefore, SAF from non-smoker and COPD subjects were 

transfected with mimics or antagomirs for 48 hours and gene expression and protein 

expression were measured. 

 

When non-smokers SAF were transfected with miR-34a mimics, this caused a significant 

reduction of direct target SIRT1 mRNA by 0.4-fold (p<0.01) and protein expression by 0.5-fold 

(p<0.001) (Figure 6.3 A and E). Conversely, non-smokers SAF transfected with an antagomir 

of miR-34a led to significant increased SIRT1 gene expression by 1.6-fold (p<0.01) and protein 

levels by 1.4-fold (p<0.05) (Figure 6.3 B and F).  

 

Similarly, when non-smokers SAF were transfected with miR-21 mimics, this also led to a 

significant reduction of SIRT1 gene expression by 0.3-fold (p<0.05) but no differences in SIRT1 

protein levels was observed (Figure 6.3 A and E). However, transfection with an antagomir of 

miR-21 led to increased gene expression of SIRT1 by 1.3-fold and protein levels by 1.2-fold 

(p<0.05) (Figure 6.3 B and F).  

 

Another target of miR-34a, SIRT6 was assessed in non-smokers SAF. When the cells were 

transfected with miR-34a mimics, this resulted a decrease trend of SIRT6 mRNA by 0.3-fold 

and protein levels by 0.4-fold (Figure 6.3 C and G). Inversely, transfection with miR-34a 

antagomir led to an increase trend of SIRT6 gene expression by 1.3-fold and protein levels by 

2.6-fold (Figure 6.3 D and H).  

 

On the other hand, non-smokers SAF transfected with miR-21 mimics led a trend to increase 

SIRT6 gene expression by 1.7-fold and protein levels by 2.4-fold (Figure 6.3 C and G). 

Conversely, transfection with an antagomir of miR-21 caused a significant reduction of SIRT6 

gene expression by 0.3-fold (p<0.05) whilst slightly reduced SIRT6 protein levels by 0.3-fold 

(Figure 6.3 D and H).  
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When non-smokers SAF were transfected with miR-34a mimics, this also led to significant 

elevation of CDKN2A (p16INK4a) gene expression by 2.7-fold (p<0.01) and p16INK4a protein 

levels by 2.3-fold (p<0.01) (Figure 6.4 A and E). Conversely, transfection with miR-34a 

antagomir in non-smokers SAF caused a decrease in gene expression of CDKN2A (p16INK4a) by 

0.4-fold (p<0.01) and p16INK4a protein expression by 0.5-fold (p<0.001) (Figure 6.4 B and F).  

 

Similarly, transfection with miR-21 mimics in non-smokers SAF led to a significant elevation 

of CDKN2A (p16INK4a) gene expression by 1.8-fold (p<0.05) and p16INK4a protein expression by 

1.9-fold (p<0.05) (Figure 6.4 A and E). However, when the cells were transfected with an 

antagomir of miR-21, this led to a significant reduction of gene expression CDKN2A (p16INK4a) 

by 0.4-fold (p<0.01) while a decrease trend in protein levels by 0.4-fold (Figure 6.4 B and F).  

 

Non-smokers SAF transfected with miR-34a mimics also significantly increased gene 

expression of CDKN1A (p21Cip1/Waf1) by 1.7-fold (p<0.01) and elevated p21Cip1/Waf1 protein 

levels by 1.5-fold (Figure 6.4 C and G). Conversely, when the cells were transfected with miR-

34a antagomir, this caused a significant reduction of CDKN1A (p21Cip1/Waf1) gene expression 

by 0.4-fold at both mRNA (p<0.01) and protein (p<0.001) levels (Figure 6.4 D and H).  

 

Similarly, transfection of miR-21 mimics in non-smokers SAF led to a significantly elevation of 

CDKN1A (p21Cip1/Waf1) gene expression by 1.8-fold (p<0.01) and protein levels by 2.1-fold 

(p<0.001) (Figure 6.4 C and G). Inversely, when the cells were transfected with miR-21 

antagomir, this resulted a significant decrease in mRNA and protein levels of CDKN1A 

(p21Cip1/Waf1) by ~0.3-fold (p<0.05) (Figure 6.4 D and H).   
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Figure 6.3 Effect of miRNA mimic and antagomir on expression of SIRT1 and SIRT6 in small 
airway fibroblasts (SAF) from non-smokers 

SAF from non-smokers (NS, n=6) were transfected with miRNA negative control (●), miR-21 
(■) or miR-34a (▲) mimic (Con M, 21 M, 34a M) or antagomir (Con I, 21 I, 34a I) for 48 h. RNA 
and protein were extracted from SAF. Gene expression of A, B) SIRT1 and C, D) SIRT6 were 
measured using real-time qPCR and normalised to RACK1. Western blots of E, F) SIRT1 and  G, 
H) SIRT6 protein expression are represented, quantified, and normalised to β-actin. Data were 
analysed by Kruskal Wallis and post hoc Dunn’s to test for significance between miRNA 
antagomir or mimic with control, **: p < 0.01 *: p < 0.05. 
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Having assessed the direct targets of miR-34a, SIRT1 and SIRT6, and its downstream effectors, 

p16INK4a and p21Cip1/Waf1 in non-smoker SAF. Putative targets of miR-21 were assessed in SAF 

from COPD and non-smoker subjects by manipulating the levels of miR-21 or miR-34a using 

mimics and antagomirs. 

 

MiRNA mimics were transfected to increase miR-21 expression in non-smokers SAF, leading 

to significant reduction of target PTEN gene expression by 0.4-fold (p<0.01) and protein levels 

 
Figure 6.4 Effect of miRNA mimic and antagomir on expression of p16INK4a and p21Cip1/Waf1 in 
small airway fibroblasts (SAF) from non-smokers 

SAF from non-smokers (NS, n=6) were transfected with miRNA negative control (●), miR-21 
(■) or miR-34a (▲) mimic (Con M, 21 M, 34a M) or antagomir (Con I, 21 I, 34a I) for 48 h. RNA 
and protein were extracted from SAF. Gene expression of A, B) CDKN2A (p16INK4a) and C, D) 
CDKN1A (p21Cip1/Waf1) were measured using real-time qPCR and normalised to RACK1. 
Western blots of E, F) p16INK4a and G, H) p21Cip1/Waf1 protein expression are represented, 
quantified, and normalised to β-actin. Data were analysed by Kruskal Wallis and post hoc 
Dunn’s to test for significance between miRNA antagomir or mimic with control, ***: p < 
0.001 **: p < 0.01 *: p < 0.05. 
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by 0.4-fold (p<0.001) (Figure 6.5 A and E). Similarly, when COPD SAF were transfected with 

miR-21 mimics, this caused a significant reduction of PTEN gene expression by 0.3-fold 

(p<0.05) and protein levels 0.4-fold (p<0.01) (Figure 6.5 C and G). Conversely, non-smokers 

SAF transfected with an antagomir of miR-21 led to a significant elevation of PTEN gene 

expression by 1.9-fold (p<0.01) and protein expression by 2.5-fold (p<0.001). Similarly, 

transfection of miR-21 antagomir in COPD SAF resulted a significant increase of PTEN gene 

expression by 1.7-fold (p<0.01) and protein expression by 2.2-fold (p<0.01) (Figure 6.5 D and 

H). 

 

Transfection of miR-34a mimics in non-smokers SAF caused a significant reduction of PTEN 

gene expression and protein levels by 0.3-fold (p<0.05) (Figure 6.5 A and E). Similarly, COPD 

SAF transfected with miR-34a mimics led to significant decreased PTEN mRNA and protein 

levels by 0.4-fold (p<0.01) (Figure 6.5 C and G). When non-smokers SAF were transfected with 

antagomir of miR-34a, this resulted a significant elevation of PTEN gene expression by 2.3-

fold (p<0.01) and protein levels by 1.8-fold (p<0.05) (Figure 6.5 B and F). When COPD SAF 

were transfected with an antagomir of miR-34a, this also caused a trend to increase PTEN 

gene expression by 1.3-fold and significantly elevation of PTEN protein by 1.5-fold (p<0.05) 

(Figure 6.5 D and H).  

 

Another target of miR-21, PDCD4 was also assessed in SAF. When non-smoker SAF were 

transfected with miR-21 mimics, this led a trend to decrease PDCD4 gene expression by 0.3-

fold and protein levels by 0.4-fold (Figure 6.6 A and E). Similarly, transfection of miR-21 mimics 

in COPD SAF caused a reduced trend in PDCD4 gene expression by 0.3-fold while significantly 

decreased PDCD4 protein expression by 0.4-fold (p<0.01) (Figure 6.6 C and G). However, non-

smokers SAF transfected with an antagomir of miR-21 resulted an increase trend in PDCD4 

gene expression by 1.5-fold and significantly elevated protein levels by 1.9-fold (p<0.01) 

(Figure 6.6 B and F). Moreover, COPD SAF transfected with miR-21 antagomir also resulted a 

significant increase in PDCD4 gene expression by 1.4-fold (p<0.05) and protein levels by 1.6-

fold (p<0.01) (Figure 6.6 D and H).  

 

Next the effect of manipulating miR-34a expression on PDCD4 expression was investigated. 

Transfection of miR-34a mimic in non-smoker SAF caused a trend to increase PDCD4 mRNA 
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by 1.5-fold and protein expression by 1.6-fold (Figure 6.6 A and E). However, when COPD SAF 

were transfected with miR-34a mimic, this led to a significant reduction of PDCD4 gene 

expression by 0.6-fold (p<0.001) and no effect on PDCD4 protein levels (Figure 6.6 C and G). 

Transfection of miR-34a antagomir in non-smoker SAF caused a reduced trend in PDCD4 gene 

expression by 0.3-fold while significantly increased PDCD4 protein levels by 1.6-fold (p<0.05) 

(Figure 6.6 B and F). On the other hand, COPD SAF transfected with miR-34a antagomir 

resulted a significant elevation of PDCD4 gene expression by 1.7-fold (p<0.01) and protein 

levels by 1.4-fold (p<0.05) (Figure 6.6 D and H).  
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Figure 6.5 Effect of miRNA mimic and antagomir on expression of PTEN in small airway 
fibroblasts (SAF) 

SAF from non-smokers (NS, n=6) were transfected with miRNA negative control (●), miR-21 
(■) or miR-34a (▲) mimic (Con M, 21 M, 34a M) or antagomir (Con I, 21 I, 34a I) for 48 h. RNA 
and protein were extracted from SAF. A-D) Gene expression of PTEN was measured using 
real-time qPCR and normalised to RACK1. E-H) Western blots of PTEN protein expression are 
represented, quantified, and normalised to β-actin. Data were analysed by Kruskal Wallis and 
post hoc Dunn’s to test for significance between miRNA antagomir or mimic with control,  

***: p < 0.001 **: p < 0.01 *: p < 0.05. 
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Another target of miR-21, CDC25A was also examined in SAF from non-smokers and COPD 

subjects. When non-smokers SAF were transfected with miR-21 mimics, this caused a 

significant reduction in CDC25A gene expression by 0.4-fold (p<0.05) and protein levels by 

0.5-fold (p<0.05) (Figure 6.7 A and E). Similarly, when COPD SAF were transfected with miR-

21 mimics, this resulted a significant decrease in CDC25A gene expression by 0.3-fold (p<0.01) 

and protein levels by 0.4-fold (p<0.01) (Figure 6.7 C and G). Inversely, the antagomir inhibited 

 
Figure 6.6 Effect of miRNA mimic and antagomir on expression of PDCD4 in small airway 
fibroblasts (SAF) 

SAF from non-smokers (NS, n=6) were transfected with miRNA negative control (●), miR-21 
(■) or miR-34a (▲) mimic (Con M, 21 M, 34a M) or antagomir (Con I, 21 I, 34a I) for 48 h. RNA 
and protein were extracted from SAF. A-D) Gene expression of PDCD4 was measured using 
real-time qPCR and normalised to RACK1. E-H) Western blots of PDCD4 protein expression are 
represented, quantified, and normalised to β-actin. Data were analysed by Kruskal Wallis and 
post hoc Dunn’s to test for significance between miRNA antagomir or mimic with control, ***: 
p < 0.001 **: p < 0.01 *: p < 0.05. 
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miR-21 expression in non-smokers SAF, leading to a significant increase in CDC25A gene 

expression by 1.6-fold (p<0.01) and protein levels by 2.1-fold (p<0.001). Similarly, COPD SAF 

transfected with a miR-21 antagomir led to a significant elevation of CDC25A gene expression 

by 1.3-fold (p<0.01) and an increase trend in protein levels by 1.3-fold (Figure 6.7 D and H).  

 

In similar experiments, non-smokers SAF transfected with miR-34a mimics caused a 

significant reduction of CDC25A mRNA and protein levels by 0.6-fold (p<0.01) (Figure 6.7 A 

and E). Transfection of miR-34a mimics in COPD SAF also led to significant decrease in CDC25A 

gene expression by 0.2-fold (p<0.05) and protein levels by 0.5-fold (p<0.01) (Figure 6.7 C and 

G). However, when non-smokers SAF were transfected with an antagomir of miR-34a, there 

were no effect on CDC25A mRNA and protein levels (Figure 6.7 B and F). On the other hand, 

when COPD SAF were transfected with miR-34a antagomir, there was a significant increase in 

CDC25A gene expression by 1.4-fold (p<0.05) and no effect on protein expression (Figure 6.7 

D and H). 

 

Another target of miR-21, NFIB was also investigated in SAF. MiRNA mimics were transfected 

to increase miR-21, leading to a significant reduction of NFIB gene expression by 0.4-fold 

(p<0.01) and protein levels by 0.3-fold (p<0.01) (Figure 6.8 A and E). Similarly, when COPD SAF 

were transfected with miR-21 mimics, this led to a small decrease in NFIB gene expression of 

0.2-fold and significant decrease in NFIB protein levels by 0.3-fold (p<0.05) (Figure 6.8 C and 

G). Conversely, when non-smokers SAF were transfected with miR-21 antagomir, this led to 

significant elevation of NFIB gene expression by 1.4-fold (p<0.01) and protein levels by 2.4-

fold (p<0.001) (Figure 6.8 B and F). Similarly, transfection of miR-21 antagomir in COPD SAF 

caused a significant elevation of NFIB gene expression by 1.5-fold (p<0.05) and protein levels 

by 2.0-fold (p<0.001) (Figure 6.8 D and H). 

 

On the other hand, when non-smokers SAF were transfected with miR-34a mimics, this led to 

a significant reduction of NFIB mRNA levels by 0.4-fold (p<0.05) and protein levels by 0.2-fold 

(p<0.05) (Figure 6.8 A and E). Similarly, COPD SAF transfected with miR-34a mimics caused a 

significant reduction in NFIB gene expression by 0.3-fold (p<0.01) and protein levels by 0.4-

fold (p<0.01). The antagomir inhibited miR-34a expression in non-smoker SAF and had no 

effect on NFIB gene expression while led to a significant increase of NFIB protein level by 1.6-
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fold (p<0.05) (Figure 6.8 B and F). However, when COPD SAF were transfected with miR-34a 

antagomir, this led to a significant elevation of NFIB gene expression by 1.7-fold (p<0.01) and 

protein levels by 1.4-fold (p<0.05) (Figure 6.8 D and H).  

 

 

 

 

Figure 6.7 Effect of miRNA mimic and antagomir on expression of CDC25A in small airway 
fibroblasts (SAF) 

SAF from non-smokers (NS, n=6) were transfected with miRNA negative control (●), miR-21 
(■) or miR-34a (▲) mimic (Con M, 21 M, 34a M) or antagomir (Con I, 21 I, 34a I) for 48 h. 
RNA and protein were extracted from SAF. A-D) Gene expression of CDC25A was measured 
using real-time qPCR and normalised to RACK1. E-H) Western blots of CDC25A protein 
expression are represented, quantified, and normalised to β-actin. Data were analysed by 
Kruskal Wallis and post hoc Dunn’s to test for significance between miRNA antagomir or 
mimic with control, ***: p < 0.001 **: p < 0.01 *: p < 0.05. 



209 | P a g e  
 

 

 

  

 Figure 6.8 Effect of miRNA mimic and antagomir on expression of NFIB in small airway 
fibroblasts (SAF) 

SAEC from non-smokers (NS, n=6) were transfected with miRNA negative control (●), miR-
21 (■) or miR-34a (▲) mimic (Con M, 21 M, 34a M) or antagomir (Con I, 21 I, 34a I) for 48 
h. RNA and protein were extracted from SAF. A-D) Gene expression of NFIB was measured 
using real-time qPCR and normalised to RACK1. E-H) Western blots of NFIB protein 
expression are represented, quantified, and normalised to β-actin. Data were analysed by 
Kruskal Wallis and post hoc Dunn’s to test for significance between miRNA antagomir or 
mimic with control, ***: p < 0.001 **: p < 0.01 *: p < 0.05. 
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6.4 Discussion 
 
In Chapter 4, data showed miR-21 and miR-34a were significantly increased in COPD SAF 

compared to non-smokers. In Chapter 5, it was demonstrated that using specific miRNA 

mimics or antagomirs, expression levels of miR-21 and miR-34a in SAEC could be altered and 

used to manipulate mRNA and protein levels of their putative targets. In this chapter, this 

effect of miR-21 and miR-34a altered expression on their putative targets were further 

explored in different cell type, SAF from COPD and non-smokers.  

 

The role of PTEN has not been previously studied in fibroblasts isolated from COPD subjects. 

However, dysfunction and downregulation of PTEN is associated with lung fibrosis (Xia et al., 

2010; Tian et al., 2019; Cai et al., 2022; White et al., 2003; Geng et al., 2016) and reduced 

expression of PTEN in COPD SAEC. The data in this chapter show there is a significant 

reduction of PTEN mRNA levels in SAF from COPD subjects compared to non-smokers. 

Aberrant levels of PTEN in fibroblasts is involved in enhanced remodelling of ECM (Trimboli 

et al., 2009). This suggest that reduced PTEN gene expression could be involved in airway 

remodelling that contribute to initiation of COPD. The data here demonstrate inhibition of 

miR-21 by an antagomir in SAF can significantly elevate PTEN mRNA and protein levels for 

both COPD subjects and non-smokers groups. This suggests that the downregulation of PTEN 

in COPD could be reversed by an antagomir of miR-21 in SAF. 

 

The role of PDCD4 has not been previously reported in COPD fibroblasts. There is evidence 

that suggest miR-21 targets PDCD4 and participates TGF-β-induced fibroblast to 

myofibroblast trans-differentiation which is also seen in COPD (Yao et al., 2011). Similar to 

COPD SAEC, there were no significant differences in gene expression of PDCD4 observed in 

COPD SAF compared to non-smokers SAF. Although PDCD4 protein levels were not measured 

at baseline in COPD and non-smokers SAF, it is plausible miR-21 bind and stop translation of 

PDCD4 and thereby decrease levels of PDCD4 protein and no effect on PDCD4 mRNA in COPD 

which is regulated by miR-21. On the other hand, levels of miR-21 are upregulated in COPD 

SAF which suggests that gene expression of PDCD4 may not be predominately controlled by 

miR-21. It is possible that PDCD4 is regulated by ZBP transcription factors. The data in this 

chapter show overexpression of miR-21 in non-smokers SAF had no significant difference on 
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PDCD4 mRNA and protein levels. Whilst in COPD SAF, increased levels of miR-21 show a trend 

to decrease PDCD4 mRNA levels, but this was not significant. However, there was a significant 

decrease in PDCD4 protein levels. Enhanced levels of miR-21 in COPD SAF could destabilise 

PDCD4 mRNA and promote efficient translational suppression of PDCD4. However, the 

regulation of miR-21 on PDCD4 in SAF remains unclear. 

 

CDC25A has not been examined in the context of COPD fibroblasts. There was a significant 

increase in gene expression of CDC25A observed in COPD SAF compared to non-smokers SAF. 

As levels of miR-21 are significantly elevated in COPD SAF, this suggests that miR-21 is not 

predominantly modulating expression of CDC25A gene. CDC25A transcription factor E2F is 

found to be upregulated in lung tissue from COPD subjects (Ezzie et al., 2012). Gene 

expression of CDC25A in COPD SAF could be elevated at transcriptional level by E2F. While 

this is a single time measurement, it is important that CDC25A expression is tightly controlled 

and responsive to DNA damage for cell cycle progression. It has been demonstrated that miR-

21 targets CDC25A and suppress its gene expression which regulates CDK2 activity (Dellago 

et al., 2013). In line with this, the data demonstrates in SAF from COPD subjects and non-

smokers, overexpression of miR-21 significantly suppressed CDC25A mRNA and protein 

levels. An approach to restore the abnormal expression of CDC25A during the progression of 

COPD is through transfection with a miR-21 mimic. 

 

There are no previous studies of NFIB in COPD fibroblasts, but the data in this chapter show 

a significant reduction of NFIB mRNA levels in COPD SAF compared to non-smokers SAF. This 

suggest that NFIB may have a role in SAF regulated by miR-21 during the progression of COPD. 

NFIB also play an important role in cellular senescence by regulating p21Cip1/Waf1 (Dellago et 

al., 2013; Liu et al., 2019). Similar to SAEC, the data in this chapter show that inhibition of miR-

21 in SAF led to a significant elevation of NFIB mRNA and protein levels in COPD and non-

smokers cells. The data suggests that reduced NFIB expression in COPD SAF can be reversed 

using an antagomir of miR-21. Overexpression of miR-21 led to significant decreased NFIB 

mRNA and protein levels in non-smoker SAF but in COPD SAF, there were no significant 

difference at mRNA level while significant reduction at protein level.  It is plausible that there 

is a negative feedback loop between NFIB and miR-21 in COPD SAF. Enhanced levels of miR-



212 | P a g e  
 

21 downregulate NFIB expression, and in turn, NFIB binds to miR-21 promoter at transcription 

level which further elevates miR-21 expression (Fujita et al., 2008).  

 

In agreement with a previous study of COPD SAF (Wrench et al., 2017), gene expression of 

SIRT1 and SIRT6 were significantly reduced in COPD SAF compared to non-smokers SAF. Data 

in this chapter also show that decreased expression of miR-34a in non-smokers SAF led to 

elevated mRNA and protein levels of SIRT1 and SIRT6. Since SIRT1 and SIRT6 can regulate NF-

κB signalling (Rajendrasozhan et al., 2012; Schuliga, 2015; Li, Jin & Wang, 2022) which is major 

pathway to the pathogenesis of COPD, it is important that the aberrant levels of these 

deacetylates in SAF are reversed. This could be achieved by using an antagomir of miR-34a.  

 

Similar to SAEC, SAF isolated from COPD subjects displayed elevated gene expression of 

CDKN2A (p16INK4a) and CDKN1A (p21Cip1/Waf1) which is consistent with a previous study 

(Wrench et al., 2018). This may suggest that SAF from COPD subjects undergo cellular 

senescence. The data in this chapter also demonstrated that mRNA and protein levels of 

p16INK4a and p21Cip1/Waf1 in SAF can be suppressed by suppressing the expression of miR-21 

and miR-34a. Since these cell cycle inhibitors play an essential role in COPD pathogenesis, it 

is possible that the elevated levels of p16INK4a and p21Cip1/Waf1 in COPD SAF could be restored 

with antagomirs of miR-21 or miR-34a. 

 

6.5 Conclusion 
 
Data from this chapter demonstrates that targets of miR-21 (PTEN, PDCD4, CDC25A and NFIB) 

and miR-34a (SIRT1 and SIRT6), and cell cycle inhibitors (CDKN2A, p16INK4a and CDKN1A, 

p21Cip1/Waf1) were increased or decreased in COPD SAF compared to non-smokers SAF at 

baseline level (Figure 6.9). The data also showed mRNA and protein levels of these targets 

can be manipulated by altering levels of miR-21 and miR-34a via transfection of a miRNA 

mimic (Figure 6.9) or antagomir, hence the hypothesis can be accepted. The data also showed 

the effect of a miRNA mimic or antagomir on their target genes were not always the same in 

COPD SAF and non-smokers SAF. This could be due to the time point being missed, associated 

feedback loops that may occur or fluctuations in transcription activity which were not 

investigated.  
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Figure 6.9 Summary of miR-21 and miR-34a, and their target mRNA and protein levels in 
small airway fibroblast (SAF) from non-smokers (NS) and COPD subjects 

(A) At baseline levels, miR-21 and miR-34a in COPD SAF are upregulated. Targets of miR-
21, PTEN and NFIB genes were decreased while PDCD4 and CDC25A genes were increased. 
Targets of miR-34a, SIRT1 and SIRT6 genes were decreased. Cell cycle inhibitors, (CDKN2A) 
p16INK4a and (CDKN1A) p21Cip1./Waf1 genes were elevated. (B) SAF from COPD or NS subjects 
transfected with miR-21 mimic led to increased levels miR-21. This led to decreased mRNA 
and protein levels of PTEN and CDC25A. MiR-21 mimic in NS SAF, suppressed NFIB mRNA 
and protein levels. However, miR-21 mimic in COPD SAF led to decreased NFIB protein 
levels and no effect mRNA levels. Similarly, miR-21 mimic in NS SAF had no effect on PDCD4 
mRNA and protein levels, and in COPD SAF, NFIB protein levels were decreased while no 
effect on mRNA levels. (C) NS SAF transfected with miR-34a mimic led to elevated levels of 
miR-34a. This led to decreased SIRT1 mRNA and protein levels, and no significant 
differences on SIRT6 mRNA and protein levels. COPD: Chronic obstructive pulmonary 
disease, miR-21: MicroRNA-21, miR-34a: MicroRNA-34a, PTEN: Phosphatase and tensin 
homolog, PDCD4: Programmed cell death 4, CDC25A: cell division cycle 25A, NFIB: Nuclear 
factor I B, SIRT1: Sirtuin-1, SIRT6: Sirtuin-6, ns: Not statistically significant.  
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Chapter 7: Effect of oxidative stress on the expression of 
miRNAs 
 

7.1 Introduction 
 
Oxidative stress is the imbalance of oxidants or the production of free radicals, and 

antioxidants that detoxify or counteract effects from free radicals (Barnes, 2022). 

Environmental and cellular sources can result in free radicals such as ROS and reactive 

nitrogen species (RNS). Environmental sources include cigarette smoke, air pollution and 

indoor cooking (Figure 7.1) (Aseervatham et al., 2013). Cellular sources can be driven by 

mitochondrial respiration or production from inflammatory (neutrophils and macrophages) 

or structural cells (epithelial and endothelial cells) (Figure 7.1) (Barnes, 2022). This can also 

be triggered by environmental sources (Figure 7.1). Increased levels of ROS (O2
-, H2O2 and 

OONO-) cause tissue damage through lipid peroxidation or oxidation of protein and 

carbohydrates. This can lead to an induction of DNA damage, inflammation, tissue 

remodelling, cellular senescence and mitochondrial damage that can further enhanced ROS 

levels (Figure 7.1) (Barnes, 2022).  

 

Oxidative stress is a key driving mechanism of COPD (Barnes, 2022). This is evident by the 

increased oxidative stress in the airways of COPD subjects (Drost et al., 2005). Exhaled breath 

from COPD subjects exhibits high levels of oxidative stress molecules and increased markers 

of oxidative tissue damage such as 8-isoprostane (Paredi et al., 2012) and malondialdehyde 

(MDA) (Paggiaro et al., 2011). Aged lungs are more prone to damage caused by environmental 

stresses due to the reduced levels of endogenous antioxidants (Korfei, Mackenzie & Meiners, 

2020). While cigarette smoking is a major source of environmentally derived ROS in COPD, 

the presence of oxidative stress and progression of COPD persist following cessation of 

smoking  (Barnes, 2022). 
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Expression of miRNA can be regulated by oxidative stress and miRNA can also modulate many 

genes in response to oxidative stress. MiRNAs have a pivotal role in regulation of cellular 

redox homeostasis by controlling the expression of genes that tigger ROS production and 

antioxidant defence. These are known as ‘redoximiRs’ of which miR-21 and miR-34a are 

examples. MiR-21 suppresses antioxidants superoxide dismutase (SOD) -3 and -2 (Zhang et 

al., 2012), and miR-34a negatively regulates the antioxidant transcription factor Nrf2 and 

 
Figure 7.1 Increased reactive oxygen species (ROS) leads to cellular senesence and tissue 
damage 

Levels of ROS can be increased by environmental sources such as cigarette smoking, car 
exhaust fumes, air pollution or indoor cooking fumes which can activate cellular sources. 
Mitochondria respiration or produced by inflammatory and structural cells, can also 
increase ROS. Enhanced levels of ROS such as H2O2 and O2

- cause tissue damage via lipid 
peroxidation. This can induce carbonyl stress and protein alterations, leading to tissue 
remodelling, DNA damage, cellular senescence, pro-inflammatory signals and further 
mitochondrial damage. H2O2: hydrogen peroxide, O2

-: superoxide. Figure adapted from 
(Barnes, 2022).  
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indirectly via a reduction in SIRT1 inhibits FOXO3a, which regulates many key antioxidant 

genes (Padmavathi & Ramkumar, 2021).  

 

In human lung epithelial cell lines, 16HBE14o- and A549, cigarette smoke-induced oxidative 

stress led to increased expression of miR-21 and an amplified inflammatory response (Pace 

et al., 2018). This suggest that miR-21 may have a role in modulating the inflammatory 

response in the small airways. However, some studies have reported that miR-21 have a 

protective role in attenuating ROS mediated apoptosis. MiR-21 has a protective role in c-kit+ 

mouse cardiac stem cells against H2O2-induced apoptosis via the PTEN/PI3K/Akt pathway 

(Deng et al., 2016). Similarly, in mouse vascular smooth muscle cells, miR-21 regulates the 

PDCD4 and AP-1 pathway in response to H2O2-induced oxidative stress (Lin et al., 2009). MiR-

21 also protected rat derived cardiac myocytes from cellular injury induced by H2O2 through 

regulating PDCD4/AP-1 pathway (Cheng et al., 2009).  

 

Altered miRNA levels mediated by increased ROS, can directly influence gene expression of 

their putative targets and activate signalling pathways that regulate cell cycle arrest. NFIB 

have a role in oxidative stress responses (Engedal et al., 2018) and can form a double-negative 

feedback system with miR-21 (Fujita et al., 2008). On the other hand, miR-21 regulates 

CDC25A and NFIB which control levels of p21Cip1/Waf1 and CDK2 via separate pathways (Dellago 

et al., 2013). Thus, it is plausible that ROS induced miR-21 could regulate CDC25A and NFIB, 

modulating cell cycle progression in response to oxidative stress. 

 

Previously it has been shown that oxidative stress induces miR-34a in airway epithelial cells 

via the PI3K signalling pathway which led to downregulation of SIRT1 and SIRT6 (Baker et al., 

2016). The reduced levels of SIRT1 and SIRT6 are associated with increased acetylation of NF-

κB and elevated levels of SASP (Barnes, Baker & Donnelly, 2019). Therefore, miR-34a could be 

an important regulator in oxidative stress and accelerated ageing of the lung.  

 

In the lungs of COPD subjects, it is likely that epithelial cells and fibroblasts from the small 

airways are exposed to high oxidative environments for prolonged periods. Thus, SAEC and 

SAF are used in this chapter to investigate the effect of oxidative stress on expression of miR-

21 and miR-34a.   
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7.1.1 Hypothesis 
 
Oxidative stress will modulate the expression of miR-21 and miR-34a in SAEC and SAF 

 

7.1.2 Aims: 
 

• Investigate the effect of H2O2 and CSE on the expression of miR-21 and miR-34a in 

BEAS-2B cells, and SAEC and SAF from non-smokers and COPD subjects 

• Quantify the variable cellular response of cells within the same cell population when 

stimulated to an oxidative stress environment using the multiplex assay 

• Assess gene expression of miR-21 and miR-34a targets in SAEC and SAF in presence of 

H2O2 

• Explore the potential pathways that miR-21 and miR-34a are associated in response 

to H2O2  
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7.2 Methods 
 

7.2.1 Cell Viability  
 

7.2.1.1 BEAS-2B cells, SAEC and SAF 
 
BEAS-2B cells, SAEC and SAF were seeded on a 96-well plate at 1 x 104 cells/well in serum 

containing keratinocyte, LHC-9 and DMEM complete medium respectively. Cells were serum 

starved for 16 h prior to treatment. Cells were treated with H2O2 (25, 50, 75, 100, 125, 150 or 

200 µM), CSE (5, 6, 7, 8, 9, 10, 11, 12, 15 %) or media for 48 h. MTT assay was performed as 

detailed in section 2.2.8. 

 

7.2.2 Effect of oxidative stress on miRNA and mRNA expression 
 
BEAS-2B cells, SAEC or SAF were seeded on 6-well plate at 2 x 105 cells/well in serum 

containing complete keratinocyte, LHC-9 or DMEM medium respectively. Cells were allowed 

to adhere overnight. Cells were serum starved for 16 h before stimulation. 

 

7.2.2.1 BEAS-2B cells  
 
For single treatment, cells were treated with H2O2 (25, 50, 75 or 100 µM), CSE (5, 6, 7, 8, 9 or 

10 %), or media for 48 h. For double treatment, cells were stimulated with H2O2 (50 or 100 

µM) or media for 48 h, followed by transfection with 60 nM mirVana miRNA inhibitors 

(mirVana™ miRNA Inhibitor Negative Control #1, hsa-miR-21 MH10206 and hsa-miR-34a 

MH11030) using Lipofectamine RNAimax for 24 h. Cells were prepared for single cell 

experiment described in section 2.2.1.7 or washed in PBS for RNA extraction detailed in 

section 2.2.6.1. 

 

7.2.2.2 SAEC and SAF  
 
For measurement of miRNA and mRNA expression, cells from COPD subjects and non-

smokers were stimulated with H2O2 (25, 50, 75, 100 µM) or media for 48 h. Cells were washed 

in PBS for RNA extracted described in section 2.2.6.1.  
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7.2.3 Single cell experiments 
 
Standard and Bimultiplex microfluidic chip designs were used to perform single cell analysis 

(section 2.2.1.2). Microfluidic chip device was fabricated detailed in section 2.2.1.3. MiR-21 

and miR-34a expressions were quantified in single cells using the workflow detailed in section 

2.2.1.9 for standard microfluidic chip and section 4.2.4 for Bimultiplex chip and single 

molecule analysis as described in 2.2.1.10.  

 

7.2.4 Measurement of microRNA and mRNA expression 
 
miRNA were extracted and cDNA synthesised from BEAS-2B cells, SAEC and SAF as detailed in 

section 2.2.62.2.5. Gene expression of miR-21 and miR-34a were measured using real-time 

qPCR described in section 2.2.6.3 and normalised to the expression of a housekeeper gene 

(RNU48). Gene expression of CDKN2A (p16INK4a), CDKN1A (p21Cip1/Waf1), SIRT1, SIRT6, PTEN, 

PDCD4, CDC25A and NFIB were measured by real-time qPCR described in section 2.2.6.3 and 

normalised to the expression of a housekeeper gene (RACK1).  

 

7.2.5 Statistical analysis 
 
Data from single cell analysis are presented as individual data points for each cell or mean ± 

SEM for each sample analysed using OriginPro software (version 2022). Data from real-time 

qPCR are calculated as ΔΔCT and represented as mean ± SEM using GraphPad Prism software 

(version 9.4.0). Statistical analyses are detailed in the figure legends.   
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7.3 Results 
 

7.3.1 Effect of oxidative stress on BEAS-2B cells 
 

7.3.1.1 Cell viability 
 
BEAS-2B cells incubated with 25-100 µM H2O2 or 5-10% CSE for 48h had no effect on cell 

viability (Figure 7.2). When BEAS-2B cells were stimulated to higher concentrations, 125-200 

µM H2O2 or 11-15% CSE, a significant reduction on cell viability was observed (Figure 7.2).  

 

  

7.3.1.2 Expression of miRNA 
 
Previous studies have demonstrated cells treated with H2O2 and CSE increased the expression 

of miR-21 Pace et al., 2018; Deng et al., 2016; Lin et al., 2009; Cheng et al., 2009) and miR-34a 

(Baker et al., 2016; Zeng, Yang & Liu, 2022). To confirm these findings, BEAS-2B cells were 

stimulated to H2O2 or  CSE, and the expression of miR-21 and miR-34a were measured by both 

conventional RT-qPCR and in single cells using the microfluidic platform. 

 

Figure 7.2 Effect of hydrogen peroxide (H2O2) and cigarette smoke extract (CSE) on BEAS-2B 
cell viability 

BEAS-2B cells were treated with varying concentrations of A) H2O2 (25-200 µM, ■), B) CSE (5-
15 %, ●) or no treatment control (NT, media) for 48 h. Cell viability was assessed using MTT 
assay. Values were normalised to control. Data presented as mean ± SEM, n=3. Control was 
set at 100% survival, indicated as a black dashed line. Data was analysed using Kruskal-Wallis 
test and Dunn’s post hoc test to compare between treatment and no treatment control group,  

*: P < 0.05 **: P < 0.01 
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7.3.1.2.1 Real-time qPCR analysis 
 
Since 100 µM H2O2 did not induce significant cell death (Figure 7.2), BEAS-2B cells were 

incubated with H2O2 up to 100 µM for 48 hours and miRNA expression measured (Figure 7.3 

A and B). Treatment with H2O2 increased the expression of miR-21 in a concentration-

dependent manner with a maximal effect at 50 µM (Figure 7.3A). There was also a trend 

toward a concentration-dependent increased expression of miR-34a (Figure 7.3B). 

 

As BEAS-2B cells were viable when stimulated to 10% CSE for 48 h (Figure 7.2B), cells were 

stimulated with 5-10 % CSE or media alone as control for 48 h and miRNA expression 

measured (Figure 7.3 C and Figure 7.3 D). Stimulation with 5% CSE significantly increased the 

expression of miR-21 (Figure 7.3C). However, higher concentrations of CSE reduced 

expression of miR-21 back to baseline in a concentration-dependent manner (Figure 7.3C). In 

contrast, there stimulation of cells to CSE led to a concentration-dependent increase in 

expression of miR-34a (Figure 7.3D).  
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7.3.1.2.2 Single cell analysis 
 
To further examine the effect of oxidative stress on the expression of miR-21 and miR-34a in 

BEAS-2B cells, single cell analysis was performed to assess the cellular heterogeneity in 

response to H2O2 and CSE. RT-qPCR results show BEAS-2B cells stimulated with 100 µM H2O2 

led to a significant elevation of miR-34a levels while no differences in miR-21 levels (Figure 

7.3 A and B). However, a previous study demonstrated this concentration significantly 

increased miR-21 in mouse vascular smooth muscle cells (Lin et al., 2009). Thus, this 

concentration was chosen to perform multiplex assay to further investigate this and confirm 

 

Figure 7.3 Effect of hydrogen peroxide (H2O2) and cigarette smoke extract (CSE) on miR-21 
and miR-34a expression in BEAS-2B cells 

BEAS-2B cells were treated with concentrations of (A) and (B) H2O2 (25-100 µM), (C) and (D) 
CSE (5-10 %) or no treatment control (NT, media) for 48 h. Using real-time qPCR, expression 
of miR-21 (A) and (C), and miR-34a (B) and (D) were measured. Data represented as mean ± 
SEM. Data was analysed using Kruskal-Wallis test and Dunn’s post hoc test to compare 
between treatment and no treatment control group, *: P < 0.05 **: P < 0.01 ***: P < 0.001. 
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levels of miR-34a in the same cell. BEAS-2B cells were stimulated with 100 µM H2O2, or 5% or 

10% CSE, or media alone (control) for 48 h prior to the single cell experiment. 

 

MiR-21 and miR-34a molecules expressed from the same BEAS-2B cell were quantified using 

the multiplex assay (section 4.3.5). From these single cells analyses, BEAS-2B cells within the 

same population express different amounts of miR-21 and miR-34a molecules in response to 

H2O2 and CSE as shown by the differing distributions (Figure 7.4 A and C). The widths of the 

distributions varied within the same cell population and between treated and control cells, 

suggestive of a variable cellular response to oxidative stress (Figure 7.4). Treatment with 5% 

CSE significantly elevated the average number miR-21 molecules expressed in BEAS-2B cells 

(Figure 7.4B). 100 µM H2O2 and 10% CSE significantly increased expression of miR-34a in 

BEAS-2B cells compared to control (Figure 7.4D). These single cell analysis data are 

comparable with real-time qPCR data (Figure 7.3). 

 

Having previously shown that a miR-21 antagomir effectively reduced the expression of miR-

21 in BEAS-2B cells, it was important to determine whether elevated levels of miR-21 in BEAS-

2B cells induced by H2O2 could be reversed in a similar manner. Therefore BEAS-2B cells were 

stimulated with 50 µM H2O2 for 48 h followed by incubation with an antagomir for 24 h before 

performing the single cell experiment. In response to H2O2 and antagomir treatments, the 

expression of miR-21 in BEAS-2B cells was suppressed (Figure 7.5 A and B).  

 

To further assess the variation in cellular response to oxidative stress, single cell analysis was 

performed to quantify miR-34a molecules expressed in BEAS-2B cells stimulated with 100µM 

H2O2 and incubated with miR-34a antagomir. In BEAS-2B cells stimulated with or without 

H2O2, an antagomir significantly decreased the expression of miR-34a (Figure 7.5 C and D). 

When cells were stimulated to 100 µM H2O2, a significant increase in the expression of miR-

34a was observed and this effect was significantly reduced by an antagomir (Figure 7.5 C and 

D).  
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Figure 7.4 Effect of oxidative stress on miR-21 and miR-34a molecules in BEAS-2B cells 

BEAS-2B cells (n=4) were treated with H2O2 (100 µM, ■), CSE (5 and 10 %, ▲) or no treatment 
control (NT, media, ●) for 48 h. A, B) MiR-21 and C, D) miR-34a molecules expressed in the 
same cell were quantified using the bimultiplex chip. A, C) data presented as individual points 

for each cell (♦) and fitted to a normal or gaussian distribution. B, D) data presented as mean 
± SEM. Data was analysed using Kruskal-Wallis test and Dunn’s post hoc test to compare 
between treatment and no treatment control group, **: P < 0.01. 
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Figure 7.5 Expression of miR-21 and miR-34a in BEAS-2B cells when treated with H2O2 and 
miRNA antagomirs 

BEAS-2B cells (n=4) were transfected with A, B) 50 µM H2O2 or C, D) 100 µM H2O2 or no 
treatment control (NT, media) for 48 h followed by incubation with an antagomir of miR-21, 
miR-34a or negative control for 24 h. Expression of miR-21 and miR-34a were detected using 
single cell analysis on separate standard microfluidic chips. A, C) data presented as individual 
points for each cell and fitted to a normal or gaussian distribution. B, D) Data represented as 
mean ± SEM. Data was analysed using Kruskal-Wallis test and Dunn’s post hoc test to compare 
between treatment and control group, * P < 0.05. 
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7.3.2 Effect of oxidative stress on small airway epithelial cells 
 

7.3.2.1 Subject demographics 
 
SAEC were isolated from lung of non-smokers and COPD participants previously mentioned 

in section 4.3.1.1. Table 4.1  

 

7.3.2.2 Cell viability  
 
SAEC from both non-smokers and COPD subjects were incubated with varying concentrations 

of H2O2 or CSE, or media alone (control) for 48 hours prior to conducting a MTT assay. 

Although there was a decrease in cell viability for both subject groups as cells were stimulated 

to increasing concentrations of H2O2 or CSE, the cell survival rate was consistently greater 

than 90% (Figure 7.6). 

 

Figure 7.6 Effect of hydrogen peroxide (H2O2) and cigarette smoke extract (CSE) on small 
airway epithelial cells (SAEC) cell viability 

SAEC from non-smokers (NS, ●, n=6) and COPD subjects (■, n=6) were treated with increasing 
concentrations of A, B) H2O2 (50, 100, 150 and 200 µM) or C, D) CSE (5-15 %), or no treatment 
control (NT, media) for 48 h. Cell viability was assessed using MTT assay. Values were 
normalised to no treatment (NT) control. Data presented as mean ± SEM. Control was set at 
100% survival, indicated as a black dashed line.  

NT 50 100 150 200

0

20

40

60

80

100

120

H2O2 (M)

%
 S

u
rv

iv
a
l 

c
o

m
p

a
re

d
 t

o
 c

o
n

tr
o

l

NT 50 100 150 200

0

20

40

60

80

100

120

H2O2 (M)

%
 S

u
rv

iv
a
l 

c
o

m
p

a
re

d
 t

o
 c

o
n

tr
o

l

SAEC: Stimulation with H
2
O

2
 or CSE 

NS COPD 
B A 

NT 5 10 15

0

20

40

60

80

100

120

CSE (%)

%
 S

u
rv

iv
a
l 

c
o

m
p

a
re

d
 t

o
 c

o
n

tr
o

l

NT 5 10 15

0

20

40

60

80

100

120

CSE (%)

%
 S

u
rv

iv
a
l 

c
o

m
p

a
re

d
 t

o
 c

o
n

tr
o

lC D 



227 | P a g e  
 

7.3.2.3 Expression of miRNA  
 
Since SAEC incubated with 50 and 100 µM H2O2 were viable, these concentrations were used 

to examine whether oxidative stress affected miRNA expression. In SAEC from non-smokers, 

expression of miR-21 was significantly increased when exposed to 50 µM H2O2 but this was 

not observed at 100 µM H2O2 (Figure 7.7A), which is similar to BEAS-2B cells (Figure 7.3A). 

However, in COPD SAEC, the expression of miR-21 increased with both 50 and 100 µM H2O2 

(Figure 7.7E). In SAEC from non-smokers and COPD subjects stimulated to increasing H2O2 

concentration led to increasing levels of miR-34a (Figure 7.7 C and G).  

 

The effect of induced oxidative stress on miR-21 and miR-34a expression in SAEC were further 

investigated using 5% and 10% CSE as cell viability was not affected. Expression of miR-21 and 

miR-34a in CSE stimulated SAEC were measured using real-time qPCR analysis. In non-

smokers SAEC, 5% CSE significantly elevated the expression of miR-21 (Figure 7.6B) but not 

with higher concentrations. In contrast, expression of miR-21 is significantly increased when 

stimulated to 5% or 10% CSE compared to control in COPD SAEC (Figure 7.6F). For both subject 

groups, 10% CSE significantly elevated the expression of miR-34a in SAEC ( 

Figure 7.7 D and H). 
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7.3.2.4 Expression of target genes 
 

Having validated the targets of miR-21 and miR-34a in chapter 5 using SAEC, it was important 

to investigate whether their gene expression would be altered under oxidative stress. To do 

this, SAEC from non-smokers were stimulated to concentrations of H2O2 up to 100 µM for 48 

h prior to RNA extraction. There was a significant increased expression of miR-21 in non-

 
Figure 7.7 Effect of hydrogen peroxide (H2O2) and cigarette smoke extract (CSE) on miR-21 and 
miR-34a expressions in small airway epithelial cells (SAEC) 

SAEC from non-smokers (NS, ●, n=6) and COPD subjects (■, n=6) were treated with 

concentrations of H2O2 (50 and 100 µM) or CSE (5 and 10%), or no treatment control (NT, 
media) for 48 h. Expression of A, B, E, F) miR-21 and C, D, G, H) miR-34a were measured using 
real-time qPCR and normalised to housekeeper gene RNU48. Data presented as mean ± SEM.  
Data was analysed using Kruskal-Wallis test and Dunn’s post hoc test to compare between 
treatment and no treatment control group, *: P < 0.05 **: P < 0.01 ***: P < 0.001. 
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smokers SAEC when stimulated to 50 µM H2O2 compared to control (Figure 7.8A). Expression 

of miR-34a in non-smokers SAEC increased in a concentration dependent manner when 

stimulated with H2O2 (Figure 7.8B). Gene expression of SIRT1, SIRT6, PTEN and PDCD4 showed 

a decrease in non-smokers SAEC when stimulated higher concentrations of H2O2 (Figure 7.8C, 

D, G and H). There was an increase in the gene expression of CDKN2A (p16INK4a) and CDKN1A 

(p21Cip1/Waf1) in a concentration dependent manner (Figure 7.8 E and F). However, gene 

expression of NFIB and CDC25A were significantly suppressed in non-smokers SAEC when 

incubated with 50 µM H2O2 compared to control (Figure 7.8 I and J). Notably the effect of 

increasing concentration of H2O2 on the expression of NFIB and CDC25A in non-smoker SAEC 

was inverse to the expression of miR-21 (Figure 7.8 A, I and J).  
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Figure 7.8 Effect of hydrogen peroxide (H2O2) on gene expression of miR-21 and miR-34a 
potential targets in small airway epithelial cells (SAEC) 

SAEC from non-smokers (NS, n=3) were treated with concentrations of H2O2 (25-100 µM) or no 
treatment control (NT, media) for 48 h. Expression of A) miR-21 and B) miR-34a, and gene 
expression of C) SIRT1, D) SIRT6, E) CDKN2A (p16INK4a), F) CDKN1A (p21Cip1/Waf1), G) PTEN, H) 
PDCD4, I) CDC25A and J) NFIB were determined using real-time qPCR, normalised to RNU48 
and RACK1 for miRNA and mRNA respectively. Data are expressed as mean. Data was analysed 
using Kruskal-Wallis test and Dunn’s post hoc test to compare between treatment and no 
treatment control group, *: P < 0.05 **: P < 0.01. 
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7.3.3 Effect of oxidative stress on small airway fibroblasts 
 
Having shown effects of oxidative stress on miRNA expression and subsequent targets in 

SAEC, it was important to see whether this was cell type specific. Therefore, SAF were 

stimulated to H2O2 or CSE as airway epithelium can send senescent signals to fibroblasts and 

induce small airway fibrosis and inflammation (Barnes, 2004).  

 

7.3.3.1 Subject Demographics  
 
Demographics of non-smokers and COPD subjects that donated lung tissue used to isolate 

SAF were previously outlined in Table 4.3.  

 

7.3.3.2 Cell viability 
 
Similar to SAEC, SAF were stimulated to varying concentrations of H2O2 and CSE for 48 h and 

showed a small, non-significant decrease in the viability with increasing concentrations of 

H2O2 or CSE with cells remaining more than 85% viable (Figure 7.9).  
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7.3.3.3 Effect of H2O2 on miRNA expression 

 

SAF from non-smokers and COPD subjects were incubated with varying concentrations of 

H2O2 for 48 h and expression of miR-21 and miR-34a were measured. Similar to SAEC 

incubated with 50 µM H2O2 but not with the higher concentration compared to control (Figure 

7.10A). In COPD SAF, expression of miR-21 was significantly increased when incubated with 

50 or 100 µM H2O2 compared to control (Figure 7.10 E). SAF from both non-smokers and COPD 

subjects showed significantly increased expression of miR-34a when incubated with 50 and 

100 µM H2O2 (Figure 7.10 C and G).  

 

 

 

 

 

 

 

 

 

 
 
 
 
 

 
 
 
Figure 7.9 Effect of hydrogen peroxide (H2O2) and cigarette smoke extract (CSE) on small 
airway fibroblasts (SAF) cell viability 

SAF from non-smokers (NS, ●, n=6) and COPD subjects (■, n=6) were treated with increasing 

concentrations of A, B) H2O2 (50, 100, 150 and 200 µM) or C, D) CSE (5, 10, 15 %) or no 
treatment control (NT, media) for 48 h. Cell viability was assessed using MTT assay. Values 
were normalised to no treatment (NT) control. Data presented as mean ± SEM. Control was 
set at 100% survival, indicated as a black dashed line.  
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SAF were also exposed to CSE, and the expression of miR-21 and miR-34a were measured. 

Cells were stimulated to 5% or 10% CSE or media alone (control) for 48 h prior to RNA 

extraction. In SAF, expression of miR-21 and miR-34a were elevated in a concentration-

dependent manner in response to high concentrations of CSE (Figure 7.10 B, D, F and H). This 

suggests both miR-21 and miR-34a in SAF are regulated by oxidative stress. However, to 

understand the potential mechanism involved in SAF from subjects with COPD, miR-21 and 

miR-34a target genes were investigated in the presence of oxidative stress. 

 

 
 
Figure 7.10 Effect of hydrogen peroxide (H2O2) and cigarette smoke extract (CSE) on miR-21 
and miR-34a expression in small airway fibroblasts (SAF) 

SAF from non-smokers (NS, ●, n=6) and COPD subjects (■, n=6) were treated with 

concentrations of H2O2 (50 and 100 µM), CSE (5 and 10%) or no treatment control (NT, media) 
for 48 h. Expression of A, B, E, F) miR-21 and C, D, G, H) miR-34a were measured using real-
time qPCR and normalised to housekeeper gene RNU48. Data presented as mean ± SEM.  Data 
was analysed using Kruskal-Wallis test and Dunn’s post hoc test to compare between 
treatment and no treatment control group, *: P < 0.05 **: P < 0.01 ***: P < 0.001. 
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7.3.3.4 Effect of H2O2 on mRNA expression 
 
To investigate the effect of ROS on potential targets of miRNA in SAF, cells were exposed to 

different concentrations of H2O2 or media alone (control) for 48 h before RNA extraction and 

real-time qPCR analysis. Similar to SAEC, miR-21 expression was significantly elevated in non-

smokers SAF when incubated with 50 µM H2O2 (Figure 7.11A). Expression of miR-34a in non-

smokers SAF also increased in a concentration dependent manner when exposed to H2O2 

(Figure 7.11B). In SAF, mRNA levels of SIRT1, SIRT6, PTEN and PDCD4 were reduced when cells 

were incubated with increasing amounts of H2O2 (Figure 7.11 C, D, G and H). Gene expression 

of CDKN2A (p16INK4a) and CDKN1A (p21Cip1/Waf1) in SAF were increased when exposed to 

increasing concentrations of H2O2, and a significant effect at 75 and 100 µM (Figure 7.11 E 

and F). Figure 7.8SAF exposed to 50 µM H2O2 resulted in significantly decreased in gene 

expression of NFIB and CDC25A (Figure 7.11 I and J). This observed trend in the expression of 

NFIB and CDC25A is inverse to that of miR-21 in SAF which is similar to SAEC (Figure 7.11 A, I 

and J).   
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Figure 7.11 Effect of hydrogen peroxide (H2O2) on gene expression of miR-21 and miR-34a 
potential targets in small airway fibroblasts (SAF) 

SAF from non-smokers (NS, n=3) were treated with concentrations of H2O2 (25-100 µM) or no 
treatment control (NT, media) for 48 h. Expression of A) miR-21 and B) miR-34a, and gene 
expression of C) SIRT1, D) SIRT6, E) CDKN2A (p16INK4a), F) CDKN1A (p21Cip1/Waf1), G) PTEN, H) 
PDCD4, I) CDC25A and J) NFIB were determined using real-time qPCR, normalised to RNU48 
and RACK1 for miRNA and mRNA respectively. Data are expressed as mean. Data was analysed 
using Kruskal-Wallis test and Dunn’s post hoc test to compare between treatment and no 
treatment control group, *: P < 0.05 **: P < 0.01. 
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7.4 Discussion 
 

The previous chapters showed that in COPD SAEC and SAF, miR-21 and miR-34a are up-

regulated and their putative targets were differentially expressed, while p16INK4a and 

p21Cip1/Waf1 were upregulated. In this chapter, the role of miR-21 and miR-34a in COPD was 

further investigated by stimulating cells to an exogenous oxidative stress using H2O2 and CSE. 

 

Previous studies have demonstrated elevated levels of miR-21 in CSE exposure-induced lung 

tissue from mouse models (Conickx et al., 2017; Xie et al., 2014) and airway and bronchial 

epithelial cell lines (Pace et al., 2018; Zhao et al., 2021; Zeng et al., 2018). While H2O2 has not 

been previously demonstrated to influence miR-21 in epithelial cells or fibroblasts, H2O2 has 

been shown to increase expression of miR-21 in vascular smooth muscle cells (Lin et al., 2009). 

The data in this chapter demonstrates that in a CSE and H2O2 increased levels of miR-21 in 

BEAS-2B and, SAEC and SAF from COPD subjects and non-smokers. This suggests miR-21 may 

have a role in epithelial cells and fibroblast in response to oxidative stress. The data also show 

that levels of miR-21 are different in COPD and non-smokers cells in response to the same 

concentration of CSE or H2O2. This suggest that COPD cells respond differently to oxidative 

stress compared to non-smokers cells. This could be explained by the fact that COPD subjects 

are known to have dysfunction anti-oxidant gene expression. This includes downregulation of 

transcription factors Nrf2 and FOXO3a which regulate several antioxidant genes and in the 

lungs of COPD subjects (Barnes et al., 2019; Hwang et al., 2011). 

 

In line with previous studies on BEAS-2B cells (Baker et al., 2016; Yang & Liu, 2022), exposure 

to CSE or H2O2 led to elevated expression of miR-34a in a concentration-dependent manner 

in all cell types examined. This suggests that increased miR-34a expression in epithelial cells 

and fibroblasts could be associated with enhanced levels of ROS (Figure 7.12). Although the 

effect of CSE or H2O2 has not been previously reported to influence the expression of miR-34a 

in fibroblasts, it is possible that miR-34a may have a role in response under oxidative stress 

environments to maintain ECM (Zhou et al., 2022). An approach to restore expression of miR-

34a in response to oxidative stress by using an antagomir which was demonstrated to 

suppress the H2O2-induced increased expression of miR-34a from single cell analysis.  
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Previous studies have shown that H2O2 increases the protein levels of p16INK4a in HeLa 

epithelial cells (Guo et al., 2010) and p21Cip1/Wa1 in lens epithelial cells (Lee et al., 2004), and 

human diploid fibroblasts (Furukawa et al., 2007). The data here demonstrates that the gene 

expression of these senescent markers were elevated in a concentration-dependent manner 

in non-smokers SAEC and SAF with H2O2 treatment. This may suggest that cells exposed to an 

oxidative stress environment are driven towards senescence (Figure 7.12). It is also possible 

that p16INK4a and p21Cip1/Wa1 have a role in the defence against oxidative damage when SAEC 

and SAF are in an oxidative stress environment and could be an indicator for senescence and 

ageing in COPD subjects.  

  

Evidence suggests that miR-21 protects cells from oxidative stress or H2O2-induced apoptosis 

through targeting PTEN (Deng et al., 2016; Shi et al., 2016) and PDCD4 (Cheng et al., 2009; Lin 

et al., 2009). However, miR-21 has also been shown to promote oxidative stress-induced 

apoptosis in H2O2-treated Schwann cells (Yuan et al., 2020). Thus, the role of miR-21 in 

response to oxidative stress is unclear.  

 

PTEN contains cysteine residues that can be oxidised in response to oxidative stress which 

results in changes in its phosphatase activity and localisation in the cell (Chang et al., 2008). 

Oxidation stress inhibits the activity of PTEN and activates downstream PI3K/Akt signalling, 

preventing cell apoptosis (Zhang et al., 2020). In line with a previous study that showed 

decreased expression of PTEN mRNA and protein in BEAS-2B cells exposed to CSE (Yanagisawa 

et al., 2017). The data here show mRNA levels of PTEN decreased in non-smokers SAEC and 

SAF incubated with increasing concentrations of H2O2. Reduced levels of PTEN can lead to 

increased Nrf2 protein levels and promote its target genes in cellular defence against 

oxidative stress (Rojo et al., 2014). This suggest that miR-21 may have protective effect on 

H2O2-induced oxidative stress in non-smokers SAEC and SAF through targeting PTEN and 

activating PI3K pathway (Figure 7.12).  

 

PDCD4 can modulate cell response to oxidative stress by interacting with proteins such as 

transcription factor Nrf2 (Hwang et al., 2020). However, the exact role of PDCD4 in oxidative 

stress is not fully understood. The data in this chapter show PDCD4 gene expression is 

decreased in a concentration-dependent manner with H2O2. This is consistent with a study on 
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mouse cardiac myocytes that demonstrated miR-21 is involved in H2O2-mediated gene 

regulation and cell injury response via targeting PDCD4 and activating AP-1 pathway (Lin et 

al., 2009). This suggest that miR-21 may exert its protective role against H2O2-induced 

oxidative stress in non-smokers SAEC and SAF through regulating PDCD4 and promoting 

activation of the AP-1 pathway. Since AP-1 is a transcription factor that regulates miR-21 by 

binding to the miR-21 promoter to induce transcription activation (Del Mar Díaz-González et 

al., 2019), miR-21 can regulate the PDCD4/AP-1 pathway and form a feedback loop (Sun et 

al., 2018; Talotta et al., 2008). Therefore, this feedback loop may occur in non-smokers SAEC 

and SAF response to oxidative stress (Figure 7.12). 

 

Oxidative stress can induce levels of p53 and transcriptionally repress CDC25A (Shen & 

Huang., 2014; Zou et al., 2001). This leads to suppression of CDK activity and cell cycle arrest 

which buffers a delay and provides time for cell to repair due to oxidative damage. CDC25A 

can also be directly oxidised by ROS, resulting deactivation of its phosphatase activity and 

further inhibit CDK activity and cell cycle progression. Gene expression of CDC25A in cells 

stimulated to H2O2 have not been previously reported. The data here show in non-smokers 

SAEC and SAF treated with 50 µM H2O2 led to significantly reduced CDC25A expression 

compared to cells without H2O2. However, at higher concentrations of H2O2, expression of 

CDC25A increased. This result suggest that miR-21 could be involved in regulation of oxidative 

stress-induced cellular response through modulating CDC25A and CDK activity and protect 

against cell cycle arrest (Figure 7.12). However, the exact mechanism involved in the 

regulation of miR-21 and CDC25A in oxidative stress requires further investigation.  

 

Similar to CDC25A, NFIB have not been reported in H2O2-treated cells. The data in this chapter 

show significant reduced gene expression of NFIB in non-smokers SAEC and SAF when 

stimulated with 50 µM H2O2 compared to cells without H2O2. As NFIB is a target of miR-21 and 

regulates p21Cip1/Waf1, it is thought that miR-21 may regulate cell response to oxidative stress 

through targeting NFIB (Figure 7.12) (Dellago et al., 2013). Moreover, the negative feedback 

loop between NFIB and miR-21 could sustain the levels of NFIB in response to oxidative stress 

(Figure 7.12). 
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In concordant with a previous study (Baker et al., 2016), reduced mRNA levels of SIRT1 and 

SIRT6 in SAEC and SAF were observed in a concentration dependent manner with H2O2 

stimulation. It has been previously demonstrated in BEAS-2B cells that under oxidative stress 

conditions, the increased levels of miR-34a through activation of PI3K/mTOR pathway 

downregulate SIRT1 and SIRT6 mRNA and protein levels (Figure 7.12) (Baker et al., 2016). 

SIRT1 in oxidative stress regulate senescent markers p16INK4a and p21Cip1/Waf1 (Figure 7.12) 

(Yao et al., 2012). Inhibition of SIRT1 and SIRT6 deacetylation activates NF-κB which leads to 

activation of SASP thereby induce further senescence (Barnes, Baker & Donnelly, 2019). 

  

Therefore, miR-21 and miR-34a in SAEC and SAF from COPD subjects and non-smokers are 

sensitive to CSE and H2O2 stimulation. MiR-21 may be involved in SAEC and SAF H2O2-

mediated gene regulation and oxidative stress response via targets PTEN, PDCD4, CDC25A 

and NFIB (Figure 7.12). Similarly, miR-34a regulate targets SIRT1 and SIRT6 in H2O2 treated 

SAEC and SAF (Figure 7.12). Since oxidative stress is a major driving mechanism of COPD, miR-

21 and miR-34a could be important target molecules for COPD therapeutics.  
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Figure 7.12 Potential pathway that miR-21 and miR-34a may regulate under oxidative stress 
conditions 

Increased reactive oxygen species (ROS) by exogenous sources such as cigarette smoke 
exposure leads to induction of oxidative stress, which upregulates miR-21, miR-34a, p16INK4a 
and p21Cip1/Waf1. This leads to downregulation of PDCD4 which can upregulate AP-1 and 
transcriptionally activate miR-21 via pri/pre-miR-21, forming a feedback loop, or upregulate 
p21Cip1/Waf1. Upregulation of miR-21 can also downregulate NFIB and form a feedback loop 
by suppressing pri/pre-miR-21 at transcriptional level or upregulate p21Cip1/Waf1, resulting 
cell cycle arrest. In parallel to this, upregulation of miR-21 can suppress CDC25A and 
upregulate CDK2 activity. PTEN can be downregulated by elevated levels of miR-21 or 
directly in response to oxidative stress. Downregulation of PTEN can activate PI3K/mTOR 
pathway and increase levels of miR-34a. Upregulation of miR-34a can inhibit SIRT1 and 
SIRT6, and thereby elevate p16INK4a and p21Cip1/Waf1, or activate NF-κB and SASP which can 
induce further senescence. Upregulation of NF-κB can also transcriptionally activate miR-21 
and miR-34a promoters, elevating levels of miR-21 and miR-34a. MiR-21: microRNA-21, miR-
34a: MicroRNA-34a, pri/pre-miR: primary/precursor microRNA, PDCD4: programmed cell 
death 4, AP-1: Activator protein 1, NFIB: Nuclear factor I B, CDC25A: cell division cycle 25A, 
CDK2: Cyclin-dependent kinase 2, PTEN: Phosphatase and tensin homolog, PI3K: 
Phosphoinositide 3-kinase, mTOR: Mammalian target of rapamycin, SIRT1: Sirtuin-1, SIRT6: 
Sirtuin-6, NF-κB: Nuclear factor kappa B, SASP: Senescence-associated secretory phenotype. 
Figure adapted from (Baker et al., 2016; Barnes, Baker & Donnelly, 2019; Deng et al., 2016; 
Cheng et al., 2009; He et al., 2018; Dellago et al., 2013; Fujita et al., 2008). 
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7.5 Conclusion 
 

Data from this chapter show that expression of miR-21 and miR-34a are elevated in BEAS-2B 

cells and, non-smokers SAEC and SAF in response to oxidative stress and thus, the hypothesis 

can be accepted. Single cell analysis performed on the Bimultiplex chip revealed BEAS-2B cells 

within the same population responded differently increased ROS levels. This was observed by 

the varying amount of miR-21 and miR-34a molecules expressed in one cell compared to 

neighbouring cells. This method can be used to assess levels of miRNA in other cell types in 

response to other cellular stressors. Moreover, this chapter also demonstrated that target 

gene expression of miR-21 (PTEN, PDCD4, CDC25A and NFIB) and miR-34a (SIRT1 and SIRT6) 

are altered in non-smokers SAEC and SAF under oxidative stress conditions. Therefore, miR-

21 and miR-34a may have an important role in protecting the small airways against oxidative 

stress through regulating their targets. However, further investigation is required to 

understand the function of miR-21 in oxidative stress.   
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Chapter 8:  General Discussion 
 
 

8.1 Microfluidic miRNA detection platform 
 
Hypothesis 1: 
 
A microfluidic platform can be developed to quantify single molecules of miRNA in single cells 

to determine the cell-to-cell variation of miRNA within cell populations. 

 

8.1.1 Discussion 
 
The MAC chip device was previously developed to quantify protein expression in single cells 

and was demonstrated using mammalian cell lines (Burgin et al., 2014; Salehi-Reyhani et al., 

2011) and plant cells (Mickleburgh, 2018). In this study, the MAC chip device was further 

developed to quantify miRNA expression in primary human samples at a single cell level. To 

capture and detect miRNAs, sandwich hybridisation assays were designed with 

complimentary oligonucleotide probes and integrated into analysis chambers of the device. 

This miRNA detection system was developed without the requirement of amplification and 

was validated with real-time qPCR (~100,000 cells/experiment). A workflow was developed 

to incorporate non-invasive nasal sampling with the microfluidic platform. This demonstrated 

a high sensitivity and specificity to detect miRNAs in small number of nasal cells (~50 

cells/experiment) and small volumes of nasal fluid (~30 µL). This showed variability of miRNA 

levels in nasal fluid samples obtained from the same individual on different days and between 

individuals. Cellular heterogeneity was revealed in nasal cells within individuals where each 

cell expressed differing amount of miRNA molecules within the same sample. Furthermore, it 

was demonstrated that using cell surface markers, single cell analysis of different nasal cell 

types can be selected within the device. Therefore, this system could be a useful tool to 

monitor levels of miRNAs in non-invasive samples collected over a period of time. The system 

is also capable of measuring other miRNAs and multiple miRNAs simultaneously in different 

biofluids or cell types. 
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8.1.2 Limitations 
 

8.1.2.1 Microfabrication 
 
To produce new microfluidic chip designs, new silicon wafer master moulds are required to 

be designed and fabricated. These moulds are fabricated in a clean room environment which 

is expensive and labour intensive. Fabricating designs at a microscale requires high precision 

and small errors or variations can lead to significant effects on the performance of the device. 

This is often a trial-and-error process by making small iterations to optimise the design which 

can be time-consuming. These moulds are etched with the desired design and can be easily 

damaged or become less defined over time when PDMS being cured and peeled frequently.  

This can lead to defects on the microchannels within the device and new moulds will be 

required to be fabricated in the clean room. On the other hand, the PDMS fabrication method 

is also low throughput as only three PDMS chips are produced per mould at one time. This is 

due to the dimensions of the microfluidic chip design and limited size of the silicon wafer. 

 

To microarray print oligonucleotide capture probes onto glass coverslip, it was often a 

challenge to control the temperature and humidity of the environment within the 

microarrayer. An increase in temperature or humidity can result larger spots which can be 

difficult to align into chambers of the PDMS chip and larger than field of view for imaging. Due 

to lack of control of the temperature and humidity in the microarray, when the printed spot 

size is unsuitable after several preprint runs then this was repeated at another time when the 

temperature and humidity is lower. Thus, this can be time-consuming and technically 

challenging as chemically functionalised coverslips may be discarded due to the active 

epoxide group requirement for the oligonucleotide probes.  

 

8.1.2.2 miRNA assay 
 
To detect other miRNA sequences, the capture and reporter probes will be required to be 

designed and optimised using open chip and standard chip devices. The assay will need to be 

calibrated for absolute quantification which requires three batches of ten microfluidic chip 

devices. This can be time-consuming (~4 weeks) and costly due to the large number of 

microfluidic chip devices required to be fabricated. 
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To detect multiple miRNAs from the same cell or fluid sample, miRNA assays are required to 

be integrated into the analysis chamber. This requires preliminary experiments to ensure 

there is no crosstalk between the probes. The maximum number of capture spots that can be 

microarrayed within an analysis chamber is dependent on the chamber volume used during 

calibration. The greater number of capture spots required can lead to difficulty during 

alignment and increase imaging time. It is also possible to combine multiple capture spots 

with multiple wavelengths which multiplies the permutations.  

 

8.1.2.3 Single cell experiments 
 
There is a sample preparation requirement to ensure that cells are at a certain density and in 

a suitable medium which can be time-consuming and technically challenging. If there are too 

many cells introduced into the main channel, cells can cluster which causes difficulty to find 

an individual cell to isolate. If the cells are stressed or sticky in the microchannel, the optical 

tweezer may not be able to manoeuvre the cell and the sample will need to be discarded and 

prepared in a suitable medium.  

 

At any stage of the single cell experiment from sample loading to post lysis imaging, the 

microfluidic chip can delaminate due to the weak bonding of the coverslip and PDMS chip 

components. When this occurs, the microfluidic chip device will be discarded and the sample 

that have been introduced into the chip may not be retrievable. However, if there is sample 

remaining, then a new microfluidic chip device can be used to analyse the sample. Similarly, 

the main channel and the syringe pump can become clogged. In this case, there will be 

attempts to flush the main channel with fresh medium to unclog the main channel. The 

syringe pump will also be disassembled, cleaned and reassembled until operational to intake 

fluid. These solutions are time-consuming (~2 hours) and can lead to delamination of the 

microfluidic chip device.  

 

To perform a single cell experiment on the microfluidic chip device, each cell is isolated 

manually using an optical laser to translate the cell from the main channel into an analysis 

chamber. This can be labour intensive, for example, to isolate 50 cells into 50 chambers 
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requires 30-45 minutes. This method is low throughput as only limited number of cells can be 

processed at a time which can make it difficult to generate statistically significant results. 

 

8.2 MiRNAs in COPD 
 
Hypothesis 2: 

MiR-21 and miR-34a are upregulated in small airway epithelial cells and fibroblasts obtained 

from COPD subjects and have a regulatory role in COPD pathogenesis. 

 

8.2.1 Discussion 
 
The microfluidic platform accurately quantified miR-21 and miR-34a molecules primary cells 

at a single cell resolution. This showed that miR-21 and miR-34a are differentially expressed 

in COPD and healthy cells. Cellular heterogeneity was revealed within epithelial cell and 

fibroblast populations. Levels of miR-21 and miR-34a were varied in both cell types at a single 

cell resolution within each subject and between subjects. Both miR-21 and miR-34a were 

upregulated in COPD cells, however single cell analysis showed miR-34a had a more defined 

difference between healthy and COPD groups. MiR-21 was also differentially expressed in 

nasal samples from healthy and COPD subjects. MiR-21 and miR-34a expressed in the same 

SAEC and SAF were positively correlated in COPD and healthy cells, however a reduced 

positive correlation was observed in COPD cells. This indicated that miR-21 and miR-34a may 

have an important role in COPD pathogenesis. To explore the role of miR-21 and miR-34a in 

COPD, their putative targets were assessed in SAEC and SAF. Baseline expression of these 

target genes were not the same in SAEC and SAF. Altered levels of miR-21 and miR-34a in 

SAEC and SAF influenced their target mRNA and protein levels. However, the manipulation of 

these miRNAs target mRNA and protein levels in COPD cells were not always the same as 

healthy cells. This suggests that these targets could be regulated by other factors that may 

have a greater impact on the expression. To determine whether there is a mechanism that 

involve miR-21 and miR-34a, and their targets in COPD pathophysiology, they were assessed 

in SAEC and SAF under oxidative stress. This showed that miR-21 and miR-34a may have a role 

in protecting cells against oxidative stress through regulating their targets.  
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8.2.2 Limitations 
 

8.2.2.1 Cell culture and treatments:  
 

There is a limitation when working with primary samples, they can take time to grow and 

become confluent. In some cases, there were not enough cells to perform single cell 

experiment, real-time qPCR and western blotting for direct comparison of the miRNA, mRNA 

and protein expression in the same sample. This can also limit the number of treatments and 

time points that can be investigated on the cells.  

 

Although cells were serum starved to synchronise the cells to the same cell cycle phrase, this 

may induce stress in cells and lead to non-specific effects. For example, serum starving the 

cells can alter the cell metabolism, gene expression and signalling pathways. After serum 

starvation, cells can be in different cell cycle phase, resulting in variability in experimental 

results. Serum starved cells may not be able to recover to their normal phenotype and 

function even when resupplied with serum, thus may not be an accurate treatment response.  

 

Transfection and stimulation of SAEC and SAF were performed on cell culture plates in a static 

environment which does not truly represent the function of the small airways. This can lead 

to challenges when studying long-term effects of treatments and may require repeated 

dosing or prolong treatments to observe sustained effects. There may be significant variability 

in the response of cells to treatments, both within a population of cells and between different 

experiments. The cells were also separated into different types prior to treatment, however 

there are many different cell types that function and communicate with one another within 

the small airways. Additionally, a treatment that is effective in one cell type may not have the 

same effect when present with another cell type. Thus, this can lead to difficulty when 

comparing results between different cell types and co-cultured cells.  

 

The concentration and time of exposure of H2O2 and CSE on SAEC and SAF may not truly 

represent the chronic oxidative stress environment of the lung of COPD subjects, particularly 

the COPD subjects that are smokers. This thesis only explored the expression of mature 

miRNA, however ROS can also affect miRNA transcription and maturation stages which can 
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alter the expression of mature miRNA. The expression of miRNA, mRNA and protein measured 

in this study is a single time point measurement which may not reflect the airway as the 

environment could be continuously fluctuating or time point could have been missed. 

Although miR-21 and miR-34a target genes were confirmed by previous studies using 

luciferase reporter assays, however these were performed on different cells to the ones in 

this thesis and there may be a variation from cell lines to human primary cells.  

 

8.3 Conclusion 
 
This thesis demonstrates the MAC chip device can be further developed to detect miRNA 

molecules in single cells. Throughout this thesis, this detection method has been 

demonstrated to quantify miR-21 and miR-34a levels in different primary samples at a single 

cell resolution and reveal the cellular heterogeneity in cell populations. This detection system 

can accurately and precisely detect miRNA levels in small quantities of nasal cells and fluid 

collected non-invasively, demonstrating its ability to monitor miRNA levels during disease 

progression and therapeutics. MiR-21 and miR-34a are upregulated in COPD samples and are 

important regulators in COPD pathogenesis and under oxidative stress conditions. Therefore, 

both hypotheses can be accepted.  

 

8.4 Future Work 
 
To design new microfluidic chip devices to analyse 2-3 samples per chip 

In this thesis, the microfluidic chip designs only allow one sample to be analysed on one 

microfluidic chip device. However, analysing more than one sample in one microfluidic chip 

device would decrease the fabrication and experimental time. This can be done by designing 

new photomasks and thereby new moulds to produce PDMS chips. This will enable 

experiments to be performed more efficiently and minimise chip to chip variability. This will 

also allow samples from same subject to be analysed on the same chip or cells that are with 

and without treatment to be analysed on one chip. 

 

To automate the cell isolation and lysis for single cell experiments 

A major limitation of the single cell analysis method is that cells are manually isolated and 

lysed. Since there are motion control mechanics already built into the microscope, it is 
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possible that the cell isolation and lysis can be automated. An approach would be to image 

across the main channel and by programming the system to recognise 50 individual cells at 

random and record the coordinates. These cells can be translated into pre-defined chamber 

coordinates and lysed. If surface labels are introduced into the main channel, cell types of 

interest can be selected from a heterogenous cell sample for single cell analysis. 

 

To assess miRNA expression in other cell types from COPD subjects at a single cell level 

In this thesis, epithelial cells and fibroblasts from COPD subjects were studied. However, 

inflammatory cells such as macrophages and neutrophils are also important in COPD 

pathophysiology. MiR-21 is reported to be highly expressed in lung macrophages from COPD 

subjects (Kim et al., 2021). To further understand the role of miR-21 in COPD, it would be 

useful to quantify miR-21 expression in COPD macrophages with and without an antagomir 

at a single cell level and to determine whether there is any effect on macrophage function, 

including secretion of inflammatory mediators, phagocytosis, or differentiation. This result 

can then be compared with epithelial cells and fibroblasts. While optical tweezers have been 

previously demonstrated to trap macrophages (Vasse et al., 2021), it may be necessary to 

optimise the laser intensity to maintain macrophage viability and support applicability of 

optical tweezers for live-cell studies. 

 

To multiplex miRNA with mRNA and proteins 

The MAC chip device was initially developed to quantify proteins and the same surface 

chemistry is used for the immobilisation of antibodies to capture proteins and 

oligonucleotides to capture miRNAs. To understand the regulation of miR-21 and miR-34a, an 

approach is to develop a multiplex system whereby the miRNA and their target protein levels 

expressed from the same cell can be quantified. This would be useful for designing 

therapeutics where levels of miRNAs and their target proteins in cells can be determined. For 

example, capturing miR-21 sequence and PTEN protein from the same cell in a cell population 

that have been exposed to oxidative stress and transfected with an antagomir. This could test 

the effectiveness of miR-21 antagomir.  
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To quantify miR-21 and miR-34a expression in SAEC and SAF from smokers 

This thesis explored miR-21 and miR-34a expression in SAEC and SAF obtained from COPD 

subjects and non-smokers. Although, smoking is the main risk factor for COPD, there are 

never-smokers with COPD and smokers that do not develop COPD. Previously, it has been 

shown miR-34a is not regulated by smoking in lung tissues obtained from non-smokers, 

smokers and COPD subjects (Baker et al., 2016). To further understand the role of miR-21 and 

miR-34a in COPD, SAEC and SAF can be isolated from age matched smokers and quantified 

using microfluidic chip platform. This can be compared with non-smokers and COPD subject 

groups.  

 

To determine drug efficacy using microfluidic chip  

Drugs can be encapsulated into an artificial cell as a drug carrier. This artificial cell can be 

isolated into an analysis chamber of the microfluidic chip where a live cell is located. Within 

the analysis chamber, the artificial cell can be lysed to release the drug to the live cell and by 

fluorescent labelling target molecules can be imaged over time in response to the drug. 

Another approach is isolate an artificial cell in half of the chambers only, and upon lysis of all 

cells in all chambers, this will enable a comparison of miRNA expression with and without 

drug for the same cell population.  

 

To investigate interactions between two different cell types 

SAEC and SAF from COPD subjects or non-smokers can be co-cultured on transwell plates with 

CSE air exposed or H2O2 exposed medium. The cells can be detached from transwells and 

analysed on the microfluidic chip to assess the expression of miRNAs. This could determine 

whether miRNA expression is modulated by extracellular vesicles, cell to cell communication 

or other factors such as TGF-β. 

 

To further investigate the regulation of miR-21 on its targets translation in COPD 

Targets PDCD4, CDC25A and NFIB mRNA and protein levels in SAEC and SAF from COPD 

subjects and non-smokers did not always show the same trend when miR-21 expression was 

altered. This could be due to the fact that miRNAs do not always regulate the levels of target 

mRNA, they can also bind and stop translation i.e. protein production. For example, it is 

possible that miR-21 regulates reduced levels of PDCD4 protein in COPD whilst showing no 
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effect on mRNA levels. An approach to explore this is by transfecting the cells with different 

concentrations of miRNA mimics and measure the targets gene and protein expression over 

a time course. 

 

To determine whether miR-21 indirectly regulates miR-34a downstream in COPD pathway 

SAEC and SAF from COPD subjects and non-smokers can be transfected with miR-21 mimic or 

antagomir. Single cell analysis can be performed using the Bimultiplex chip to determine the 

levels of miR-21 and miR-34a. 

 

To investigate the feedback loops that may regulate miR-21 expression in response to 

oxidative stress 

BEAS-2B cell line can be transfected with small interfering RNA (siRNA) against either AP-1, 

NFIB or a random oligonucleotide control, followed by with and without H2O2. RNA can be 

extracted and levels of AP-1, PDCD4, NFIB, pri-miR-21 and mature miR-21 can be measured 

by RT-qPCR.  
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