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Abstract 
Single cell protein analysis has the potential to comprehensively profile cellular 

heterogeneity advancing the understanding of cell function, disease progression and drug 

development. Although it is a possible contributor to the discovery of novel therapy, the protein 

mapping on the individual cell basis is complex and poses challenges. For example, cancer is 

a heterogeneous disease which analysis using conventional bulk methods can potentially 

conceal a dangerous population like Circulating Tumour Cells (CTCs). Analysis of CTCs can 

only be reliably attained using single cell technologies. The Microfluidic Affinity Capture 

(MAC) chip is a tool that was developed in our group to study cellular heterogeneity by 

measuring protein abundance in single cells. Another problem in analysing cancer cells is the 

difficulty in obtaining samples in a non-invasive manner. This thesis reports on attempts to 

obtain, concentrate and analyse CTCs from blood using a composite MAC-based device. 

The ability to analyse single cells has advantages beyond the potential for analysing 

heterogeneity. Chronic Obstructive Pulmonary Disease (COPD) is a heterogeneous illness that 

is characterised by a chronic inflammation. Although the immune response in COPD requires 

investigation, it is complicated by a lack of biomarkers and methods to non-invasively collect 

samples. The ability to obtain and effectively analyse precious and scarce biomaterial from 

lungs, is greatly advantageous for both diagnosis and tracking of COPD. Here, we report on a 

workflow to achieve this using sputum from negative control volunteers and COPD+ patients. 

Also, we describe the establishment of a novel MAC chip assay targeting FOXO3 protein 

which is involved in regulation of processes like tumour suppression, inflammation and 

senescence. Therefore, it has a biomarker potential to monitor and study diseases like cancer 

and COPD. We developed the protocol to analyse Forkhead box 3 (FOXO3) protein expression 

in nasal cells from healthy donor samples that were retrieved with a non-invasive tool 

(NASAM, nasal synthetic absorptive matrix). Nasal cavity is a front line of exposure to inhaled 

pernicious substances and, it is speculated to reflect anomalous bioprocesses in lungs preceding 

respiratory disease development and progression. This study provides the first-time 

quantification of FOXO3 protein in single cells from nasal samples. This work shows the 

analytical capacity of the MAC chip to study cellular heterogeneity and quantify important 

biomarkers in single cells of clinically relevant material.  
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Chapter 1. Introduction 
1.1 What is single cell proteomics and why it is important to study? 

A cell discovery in 1665 1 brought to the Cell Theory formulation that was postulated by 

Schleiden and Schwann with contribution from Remak and Virchow 2. One of the tenets of the 

modern cell theory states that “a cell is a fundamental unit of structure and function in 

organisms” 2. 

Therefore, the rationale to study a single cell stems from the cell theory itself implying that 

to understand the biology of multicellular organisms like humans, we must study the 

underlying single cells and their functions. Human physiology is governed by normal cellular 

functions and intercellular interactions. However, the mutations in the cells can disrupt these 

processes 3. Although cells of the same organism are genetically identical, their phenotypes 

vary because each cell regulates its own program of gene expression which is stochastic in 

nature. Phenotypic traits or variations are largely determined by environmental factors which 

play a central role in evolution and adaptation 4. Thus, the accumulating evidence suggests that 

cell-to-cell variability is unlikely arbitrary 5–7.  

Cellular heterogeneity is a ubiquitous feature of biological systems that originates from the 

stochastic nature of molecular interactions. Elowitz et al defined two types of noise: extrinsic, 

that is controlled by fluctuations of proteins, and intrinsic, that is characterized by stochasticity 

of gene expression 8. Molecular stochasticity or noise induces individual transcription 

programs that give rise to heterogeneous cellular phenotypes. The phenotypically different 

cells are subsequently instructed and selected by inter- and intracellular signaling leading to 

the formation of tissues, organs and organisms. The molecular noise is an essential component 

of cellular machinery to provide robustness of a biological system in fluctuating environment 

7.   

However, cellular heterogeneity may also reflect a pathological mutation that a cell 

underwent upon exposure to harmful environment. For example, mutations in BRCA1 and 

BRCA2 genes are accompanied by deficiency of transcription-coupled repair of DNA and a 

lack of functional proteins that trigger the cell cycle arrest in the G2 phase leading to breast 

and ovarian cancer development 9. Additionally, the cellular heterogeneity may result in drug-

tolerance of cells that is nearly universal in patients with cancer. Cancer is a heterogeneous 

disease that is composed of a diverse collection of cells responding to the administered 
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treatment differently. In almost all cases, cancer gradually develops resistance to the treatment 

which it was initially responsive to. This occurs because cancer cells dynamically evolve and 

adapt to the environment causing formation of a phenotypically divergent population that is 

immune to applied drug and conferred with highly proliferative and invasive signatures10. The 

therapy-unresponsive cells cause the disease recurrence, progression and metastasis. The 

underlying cause of resistance was related to the genetic instabilities which gave rise to cancer 

subpopulation capable of evading the effect of the treatment 10. Therefore, it is essential to 

study the cancer dynamics comprehensively. However, the conventional bulk population 

analysis produces an average estimate of the cell-related information masking the cellular 

heterogeneity and neglecting the cell-to-cell variability in sensitivity to specific treatments, 

Figure 1A 11.  

 

 

Figure 1 The protein expression measured in bulk sample where A) two distinctive populations are equally 

represented. The obtained average result fails to reflect the protein level in any of the populations. B) two 

distinctive populations are not-equally represented. The measured average masks the population of lower 

abundance. Obtained from 12 

Another advantage of the cellular analysis using individual cells is its suitability to study 

rare cells like Circulating Tumour Cells (CTCs). CTCs are a rare subset of dangerous cancer 

cells endowed with migratory and invasive properties that are present in low quantity in liquid 

biopsies of patients with metastatic cancers. Typically, there is only a handful of CTCs in the 

bloodstream of ill subjects which is accounted for one to ten CTCs per 108 mononuclear 

lymphocytes. In traditional bulk-cell approaches, the average protein expression results are 

obtained analysing a heterogeneous sample that in addition to CTCs comprise a considerable 

number of white blood cells (WBCs). The WBCs contamination is often a cause to obscure the 
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underrepresented and extremely dangerous CTCs in a clinical sample inevitably leading to 

false-negative result, Figure 1B 13. While deconvoluting the complex nature of CTCs with bulk-

cell analysis was found largely ineffective, single-cell strategies are capable to target cellular 

heterogeneity of CTCs providing a foundation for liquid biopsy in the clinic 13. The methods 

to extract CTCs from liquid biopsy is further described in section 2.2.3. 

Clinical samples collected via, for instance, bronchoscopy are only available in small 

quantities to avoid inflicting damage to a vital organ that organism would be incapable of 

recovering from. The insufficient sample amount is frequently a limiting factor for the 

important information extraction using bulk-cell methods. To satisfy a minimal quantity 

requirement for the sample to be characterised using bulk approaches, the researchers are 

compelled to deploy sample pre-handling procedures like dilution. Dilution reduces the 

concentration of screened analytes challenging the detection of those present in low levels. 

Therefore, there is a need for alternative approaches that are capable to analyse a minute 

quantity samples like sputum, nasosorption, tissue biopsy. Unlike conventional methods, some 

of the single cell resolution approaches are relatively sample size insensitive and enable 

analysis of clinical samples as small as 20 µL.  

Additional motivation for single cell analysis is to determine of how many cells you need 

before the average properties give a sufficiently good representation of the mean or median to 

be able to use that value in interpretation of data. 

The single cell -omics allow analysis of biochemical processes occurring in single cells 

that emanate from molecular stochasticity or ‘noise’ and can be related to the cellular 

heterogeneity. Moreover, single cell resolution has become one of the most powerful tools to 

comprehensively understand and statistically interpret cell-to-cell variability in rare cells and 

samples with limited quantity.  

1.1.1 Characterisation of cellular heterogeneity 

The single cell -omics has attracted attention in recent years leading to development of 

analytical tools including single cell isolation, sequencing assays, flow cytometry and mass 

spectrometry (MS). Understanding of underlying molecular changes and cell behavior on the 

individual basis can foster accurate disease diagnosis creating a favourable environment for 

personalized medicine11. Though the methods emerged for single cell gene expression profiling 

realized the sensitive detection of low-frequency genetic alteration 14, the technologies to 
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screen protein level and modifications in a single cell regime have been missing. Protein are, 

however, accurate indicators of environmental sensing and signaling networks directly 

reflecting physiological and pathological changes in the organism 15. Proteins generation in 

single cells occurs in stochastic bursts 16 which variation in their copy number provide an 

essential ground for clinical practice and many medical treatment 17. Thus, single cell 

proteomics has become a critical and powerful tool to investigate cell biology and 

heterogeneity.   

It is more difficult to access protein information of a single cell due to several technical 

intricacies 18: 1) proteins are present in low abundancy and encapsulated within a small volume 

of a single cell 19 2) proteins are expressed in a wide dynamic range 16 3) the lack of controllable 

amplification methods as in nucleic acid analysis for related proteomics counterpart.  

Currently, the most widely deployed techniques for the single- cell proteomics are flow 

cytometry, enzyme-linked immunospot and microfluidic based technologies 20.  

Fluorescence flow cytometry (FFC) or fluorescence-activated cell sorting (FACS) is a 

widely utilized method for single-cell phenotyping and protein analysis. The technique 

facilitates a high-throughput screening of 10-17 different proteins simultaneously using 

fluorescently tagged antibody specific to the target protein. However, the exploitation of 

multiple fluorescent dyes causes the spectral overlap challenging the protein information 

retrieval 21. Furthermore, to monitor intracellular proteins, fixation procedures have to be 

undertaken prior to the analysis which precludes studying protein-protein interactions, 

measuring metabolites and monitoring protein activity which require living cell assays. The 

FACS method also requires a minimum of 104 cells in suspension which is often infeasible to 

obtain for many clinical samples 16,21. Also, the rapid fluid flow in the machine creates 

mechanical stress to cells deforming and lysing them. 

Mass cytometry (CyTOF) is an alternative single-cell protein analysis technology that 

exploits antibodies labelled with metal isotopes. Unlike fluorescent tags, the metal conjugates 

have minimal signal overlap which enables a concurrent measurement of 40+ proteins within 

single cell 20. However, in addition to large requirement for input material (>106 cells) akin to 

flow cytometry, the considerable loss of a sample has been observed while introducing the 

specimen into the CyTOF analyser 22.  
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Microfluidics, also known as ‘Lab-on-a-chip’, is a rapidly evolving field that resulted in 

the emergence of numerous different platforms. The microfluidic devices feature designs of 

miniaturised fluidic channels that allow manipulating and controlling fluids at micron or 

submicron dimensions. The miniaturisation of a chemical lab has become attractive in single-

cell research due to a low requirement for sample and reagents amounts to carry out analysis, 

the manufacturing of the microfluidic designs is cheap and often in-house performed, the 

platforms may be customised and integrated to allow cell sorting, optical trapping, lysis and 

etc. The representative microfluidic-based tools that have been developed to specifically 

address the cellular heterogeneity at a single-cell proteomics level are microengraving, single-

cell western blot, single-cell barcode chips 6,16. 

1.1.1.1 Microfluidic Affinity Capture based chip  

Microfluidic Affinity Capture Chip or MAC chip is a development from our research 

group that has first been used to probe for p53 protein evaluation in single cells of different 

human cell lines 23. The MAC chip exploits an ELISA based immunoassay format that is 

miniaturised within a nanoliter-scale volume thus, enabling highly sensitive detection of 

proteins expressed individual cells with a high dynamic range 23,24. The MAC approach is 

flexible and can be customised for specific experimental and analytical purposes to enable 

detection of different proteins or multiple proteins simultaneously. The group has studied 

various proteins at a single cell level including p53, phosphorylated-p53, FOXO1, FOXO3, c-

jun, phosphorylated-c-jun and AP-1. Careful calibration of the MAC platform can often 

provide access to the absolute quantity of the analysed protein which ensures more accurate 

understanding of cell-to-cell variability, cell behavior and fate decision taking 24. The MAC 

platform can be coupled with various peripheral technologies like optical traps, cavitation wave 

lysis and surface acoustic wave lysis methods to manipulate, sort and lyse cells on chip 23.  

The MAC platform has already been applied to count proteins in clinical samples. The p53 

and phospho-p53 levels were concurrently assessed in single cells from disaggregated tumour 

samples 24. Also, the platform allowed discrimination of healthy and COPD+ individuals based 

on c-jun and FOXOs expression in T- and epithelial cells from lower respiratory tract.  

The device has an extremely low minimal requirement for the cell numbers and sample 

size which is highly satisfactory for working with rare cells and precious samples analyses.  



21 

 

1.1.1.2 Microtube device 

Microtube device is a microfluidics-based tool that utilizes functionalised lumen to 

selectively capture rare cells like CTCs from non-solid biological tissue. Liquid biopsy is a 

revolutionary technique that offers a non-invasive insight into biochemical processes behind 

cancer and metastasis progression potentiating personalized medicine development and novel 

therapy discovery 25. Although the CTCs isolation and analysis is not an easy task to achieve, 

the microtube method was demonstrated by King’s group to extract circulating tumour cells 

(CTCs) from patients with metastatic cancer 26,27. The device facilitates surface customisation 

to assist in pursuing the research goals 25,27,28. Due to its high flexibility for surface 

functionalization, the technology could potentially be effectively employed as a positive and 

negative selection method to either isolate the target cells or alternatively reduce the level of 

unwanted cells in a sample. The tool integration with other technologies enables to implement 

of a downstream analysis of captured cells. The cell recovery from a sample is accomplished 

with high purity via sample perfusion through the surface-coated tubing at a laminar flow 26,29. 

This technique is appealing for clinical studies because of its ability to enrich the 

underrepresented CTCs from diluted blood samples and buffy coats 25.  

1.2 Chronic Obstructive Pulmonary Disease 

Chronic obstructive pulmonary disease or COPD is a complex respiratory condition which 

embraces a set of diseases that are characterised by chronic inflammation, abnormal immune 

response, airflow irreversible structural changes and impaired gas exchange 30. Due to the poor 

understanding of the illness, the causative factors of the condition development and treatment 

to completely stop the disease remain largely undiscovered 30. It is partially because of the 

reliable biomarkers absence and the lack of non-invasive sampling techniques (that are simple 

to operate and result in pure samples) that would facilitate a routine monitoring of the COPD 

development and treatment effectiveness 30. The COPD topic is further discussed in detail in 

section 5.2. 

1.3 Thesis overview  

This research aimed at applying MAC chip technology to characterise cellular variability 

at a protein copy number level in clinically-relevant or -derived material. The thesis focusing 
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on cells obtained from upper and lower respiratory tract and circulating tumour cells isolated 

from the blood samples.  

The Chapter 2 is devoted to the attempt to isolate and analyse CTCs from blood samples 

using a composite set-up that combines functionalised microtubes and MAC-based spinning 

top chip. The CTC was a subject of scrutiny for many research groups which analysis is 

hindered by cell-to-cell variability and scarcity of the cells in a highly heterogeneous blood 

matrix. In this chapter we tried to address the challenges related to the CTCs study to implement 

protein profiling in a single cell regime.  

Although there is a lack of reliable biomarkers for COPD characterisation and progression, 

the FOXO proteins were speculated to be involved in pathological biochemical processes 

underlying the disease. It has been previously discovered that FOXO3 is a transcription factor 

that regulates the program of genes activation and inhibition during oxidation, ageing and cells 

differentiation. Thus, these findings became an overarching motivation for the MAC FOXO3 

assay development. The FOXO3 assay incorporation into the MAC platform, its testing, 

validation and optimisation are described in Chapter 3 and 4. 

The COPD is a complex disease which biological mechanisms, despite the endeavours, is 

yet to be fully understood. The illness is characterized by chronic inflammation and pulmonary 

function decline which is accompanied with acute immune response and hypersecretion. The 

expectorated sputum was collected by collaborators in NHLI (Imperial College London) and 

undergone the FOXO analysis on the MAC chip platform which methods and results are 

discussed in the Chapter 5. Additionally, this section covers the elaboration of protocol for 

FOXO3 analysis in non-invasively sourced nasal samples. It was attempted to investigate the 

potential of nasal sampling as an alternative candidate to sputum for monitoring the COPD 

progression, diagnosis and treatment. 

1.4 The introduction to the single cell analysis with the 

Microfluidic Affinity Capture chip 

MAC chip or Microfluidic Affinity Capture chip is a single-molecule-sensitive 

microarray biosensor that enables quantitative assessment of proteins expression at a single 

cell level in a nanoliter environment. This technology was developed by Klug research group 

and was first introduced in 2011 by Salehi-Reyhani et al 31,32. In the early studies, the MAC 
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platform has been successfully exploited to measure the GFP copy number in genetically 

modified colon cancer cells and tumour suppressor p53 protein in MDA-MB-438 breast cancer 

cell line31. The schematic of the platform at a time of publication is depicted on Figure 2. 

Figure 2 a) a schematic for previous MAC chip design which consisted of cell inlet, cellular reservoir, 

analytical chambers, secondary inlet and waste reservoir b) optical trapping of single cells into analytical 

chambers of the MAC chip. Scale bar =100 µm. Adapted from 31 

The MAC chip mechanism of action is based on FLISA assay (fluorescence-linked 

immunosorbent assay) principles that are adapted to a microfluidic environment. The device 

uses optical tweezers to manipulate cells and laser-induced lysis to release cellular proteins 

(Figure 3). The bound protein fraction readout is implemented with coupled fluorescent TIRF 

to directly measure protein content in single cells.  
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Figure 3 A diagram of optical configuration for experimental setup which describes coupling of lysis and 

trapping lasers with TIRF microscope. 

Although the working concept remained unaltered, the MAC chip device underwent 

significant structural modifications since 2011 24. The structure of the device that was used in 

the current research is shown in Figure 4. 

The design of the platform consists of a main channel and 55 perpendicular capillaries 

leading to individual analysis chambers (300x300 µm or 190x190µm). However, only 50 of 

analysis chambers contain microarrayed immunosorbent spots situated in the center of the 

compartments and used for single cell analysis. The remaining five chambers are intentionally 

left spotless to further exploit for flattening the image in the image processing procedure. The 

inlet and outlet orifices at both ends of the main channel provide sample loading and 

withdrawal ports, respectively (Figure 4). 
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Figure 4 A) The currently exploited MAC chip platform design. Scale bar=2000µm. B) Analysis chamber 

with microarrayed immunospot. Scale bar=200µm. The image is obtained from 24 

The unique feature of the MAC chip is its ability to provide a quantitative data on 

proteins expression in single cells. Thus, Burgin et al has shown that the device could be applied 

for absolute quantification of p53 protein in BE and MCF7 cancer cell lines23. Moreover, the 

MAC chip has been demonstrated to be an effective platform for clinical sample analysis to 

address biomedical questions. Magness and Squires et al implemented a simultaneous analysis 

of p53 and phospho-p53 in single cells from disaggregated colon cancer xenografts 24. 

Additionally, the authors elaborated a protocol that enables on-chip analysis and sorting (Figure 

5) of live cells from clinical matrix containing considerable amount of biological debris and 

dead cells 24.  

 

Figure 5 A) The graphical representation of sorting and selecting target cells from heterogeneous samples 

like disaggregated colon cancer on a MAC chip B) Surface marker based cells of the interest selection 

demonstrated in MCF7 cells: yellow EpCAM+ cells; violet Dead cells. The image was retrieved from 24 

A B 
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Also, the research group has contributed to the understanding of chronic obstructive 

pulmonary disease (COPD) by using the MAC chip for protein analysis in cells from sputum 

of the healthy and ill individuals. The expression of FOXOs and c-Jun proteins have been 

measured in epithelial and CD3+ T-cells which levels have been found to differ between 

individuals with and without the disease. The attempts to analyse the FOXO1 and FOXO3 in 

sputum samples were also addressed in this work and will be further discussed in Chapter 5. 

The MAC chip technology has been developed to address problems that are frequently 

encountered in the analysis of clinically relevant biomaterial at a single cell level. The 

advantages of using the MAC chip device for clinical samples are following:  

⚫ There is no minimum cell number requirement to perform MAC chip analysis which 

is, therefore, suitable for analysis of rare cells in clinical material like CTCs.  

⚫ The biosensor can be applied for a scarce or precious biomaterial amount that are 

frequently obtained by less invasive methods like nasosorption 

⚫ It enables on-chip sorting and selection of viable and morphologically defined cells or 

cells expressing specific surface biomarkers. 

⚫ There is no need for cell fixation, the cells are viable till the certain point of analysis 

⚫ It is a label-free technology because the proteins are not required to be pre-labeled to 

conduct the analyses  

⚫ It enables the retrospective data calibration to quantify an absolute protein copy 

number in single cells 24. 

These qualities make MAC chip a useful tool for diagnostic and prognostic purposes, 

treatment efficacy tracking and protein-protein interaction studies. 

1.4.1 The antibodies mechanism of action in microspot assay 

The MAC chip is a microarray biosensor which mechanism of action is based on 

sandwich FLISA (fluorescence-linked immunosorbent assay) principles but in a nanolitre 

environment. Each analysis chamber of the device contains an immobilised capturing 

microspot which, upon the single cell lysis, becomes exposed to the mixture of ruptured cell 

contents and fluorescently labeled detecting agent, Figure 6.  
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Since the lysis is implemented in the cubicle of the analysis chamber, the distribution 

of the target analyte immediately after lysis within the volume of the structure is not 

homogeneous and therefore, the propagation of the released compounds from the ruptured cells 

through medium is a diffusion driven process that occurs with intrinsic concentration gradient. 

Protein diffusion in a fluid is a time dependent process where particles’ stochastic movement 

towards the lower gradient is governed by Brownian motion 33. Whilst in transit, protein 

epitopes are recognised and sensed by the antibodies present in the solution. Assuming the 

protein of interest is suspended in the solution it is first recognised and then bound by the 

detection antibody. Diffusing, the formed complex reaches the immobilised capture agent’s 

range of action entailing a subsequent formation of trimolecular complex or so-called sandwich 

on the chip’s surface. This complex formation requires time to reach thermodynamic 

equilibrium which duration is in the range of 0.5-3hr depending on the analyte structure, 

concentration, assay reagents and experimental conditions. 

 

Figure 6 top: The analysis chamber pre-cellular lysis bottom: A schematic of the released analyte binding 

by the capturing and detection agents forming a trimolecular complex which signal is subsequently imaged 

with TIRF. The image adapted from 12 



28 

 

The “sensors” binding to the analyte is based on a simple model of the law of mass 

action. The model assumes that the binding is reversible, and the rate of the reaction is directly 

proportional to the product concentration. Also, it implies that when the system is in 

equilibrium the ratio between the concentration of reactants and products is constant 34. 

The sandwich complex formation in the MAC chip can be subdivided into two steps: 

detection antibody-antigen duplex formation and this complex binding to the primary antibody 

spot,        Equation 1 and Equation 2.  

][][][ DAnAnD onk
⎯→+        Equation 1 

][][][ DAnCCDAn
offk
⎯⎯→+       Equation 2 

where [D], [An] and [C] are the concentrations of detection antibody, analyte and 

capturing antibody, respectively, [DAn] and [DAnC] are the concentrations of detection 

antibody-analyte and detection-analyte-capturing antibody complexes, kon and koff are the rates 

for forward and backward reactions 

At equilibrium the rate of complex formation is equal to the rate of the complex 

dissociation: 

𝑘𝑜𝑛 × [𝐷] × [𝐴𝑛] ↔ 𝑘𝑜𝑓𝑓 × [𝐷𝐴𝑛]       Equation 3 

𝑘𝑜𝑛 × [𝐷𝐴𝑛] × [𝐶] ↔ 𝑘𝑜𝑓𝑓 × [𝐷𝐴𝑛𝐶]    Equation 4 
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The analyte tends to occupy only a fraction of the available antibody binding sites at 

equilibrium (Figure 7) which in conventional immunoassays would lead to a depletion of the 

analyte in the surrounding environment 35.  
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Figure 7 The immunoassay principle of “antibody binding site occupancy”. Fractional occupancy of 

antibody binding sites correlates with concentration of analyte that the microspot has been exposed to. 

[An]=concentration of the analyte and K is a complex association constant. Taken from 36 

However, microspot immunoassays utilise antibody amounts far smaller than the 

conventional ones implying that the assay is performed with a number of antibodies so small 

that it can be confined in a microspot. Since the immobilised molecule number is small, the 

fraction of analyte bound to the antibody spot results in negligible disturbance of the analyte 

concentration in the medium, such assays are called ambient analyte regime assay 35,36.  

In the MAC chip experiments, the TIRFM readout of the primary antibody spot reveals 

the fractional coverage of the receptor by analyte which is dependent on the analyte 

concentration. The fractional occupancy of the antibody in ambient analyte immunoassays is 

independent of sample volume and antibody concentration 35–37. However, it is correlated with 

the analyte concentration. The analyte adsorption by the antibody can be described using 

Langmuir adsorption model 38. The model is based on the following assumptions: 

⚫ The analyte is adsorbed in a monolayer 

⚫ All sites are equivalent, and the surface is uniform and without defects 

⚫ The binding site holds only one analyte molecule 

⚫ There is no interaction between adjacent molecules 

The fractional coverage θ of immobilised antibody by analyte at equilibrium is given 

by: 

total

occupied

N

N
=         Equation 7 
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where Noccupied and Ntotal are numbers for occupied and total binding sites, respectively. 

Thus, combining Equations 5, 6 and 7 gives the fractional occupancy of the 

microarrayed antibody by detection antibody-analyte complex which directly correlates with 

the analyte concentration: 
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1.4.2 Microarray production 

Bio-microarrays have had a marked impact in understanding of bioprocesses in living 

organisms through the high-throughput measurements of gene expression levels, DNA 

sequence genotyping, protein expression mapping and preotein-protein-interaction study 39. 

Microarrays are 2D arrangements of biomaterials that are delivered to the substrates with 

specific tools40. There are different techniques emerged to the market that enable bio-

microspots fabrication for biological research, including genomics, proteomics, and cell 

analysis 40,41. The methods are basically categorised as non- and contact printing. The non-

contact spot formation techniques include photochemistry-based methods, laser writing, 

electrospray deposition and inkjet technologies. Although the contact microarraying methods 

exist in a relatively narrow diversity, they appear to be more preferable microsorbens 

fabrication techniques due to its advantages 40.  

The contact pin printing and microstamping form arrays by a direct contact between 

print device and the substrate which result in uniform microspots with high positional accuracy 

and spot morphological reproducibility. In this research, the microarrays were fabricated using 

a contact pin printing because this method has a low requirement for printing sample volume 

and a good control of the transferred sample amount. The printing mechanism of contact pin 

printing is based on the surface tension and adhesion, Figure 8 a and b.  
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Figure 8 Basic steps for microarray production with contact pin printing: a) the pin is plunged 

into the well and filled with the sample via capillary force, b) the sample is delivered via direct 

pin contact onto a planar substrate forming a microarray of biomaterial spots. c) The orientation 

of deposited material, such as antibodies, onto the planar substrate. The images were adapted 

from42,43 

The pin was dipped into a microwell to load the sample by the means of the capillary 

action. The pin’s tip, being covered with a thin layer of a sample, contacted the planar surface 

leaving a spot behind when the pin travelled upwards and the strong adhesive force of the 

substrate pulled the droplet off the pin’s end. The immobilisation of the deposited biomaterial 

on the solid support occurs via physical adsorption. Although this method is the simplest way 

to attach the microarrayed compounds, the orientation of the active binding sites is yet 

uncontrollable and random. The most favourable position for the microarrayed agent is referred 

as “end-on”, however, various substrate orientations should be assumed during the spotting 

process such as “head-on”, “side-on”, “lying-on” 43, Figure 8 c. 

a) b) 

c) 
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1.4.3 TIRF imaging  

Total internal reflection fluorescence (TIRF) microscopy is widely used in single 

molecule spectroscopy and visualisation because it enables observation of states, kinetics and 

patterns of fluorescently labelled molecules 44,45.   

With TIRF microscopy, the light illuminates fluorophores in the sample medium very 

close to a refractive surface (<150nm) without exciting fluorescence from regions farther from 

the surface 45. The primary advantage of this feature is improved signal-to-noise ratio which is 

frequently a limiting factor for microarray sensitivity in a single molecule regime. The thin 

excitation zone, called evanescent wave, decays exponentially in intensity with the distance 

away from coverslip surface. The evanescent field is an electromagnetic field that occurs when 

light beam, propagating media of different refractive indices and incident at high angle θ, is 

totally internally reflected rather than refracted. The evanescent field formation and light total 

internal reflection is observed at and above critical angle θc 
45. 

The critical angle θc depends on refractive indices of different media and is described 

by Snell’s Law:  
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Where θc is a critical angle, n1 and n2 are refractive indices for different media. 

At angles outside the critical angle all the light is reflected; however, some proportion 

of energy penetrates through the interface forming an evanescent wave that decays 

exponentially with perpendicular distance from an interface, governed by the following 

equation: 
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with Iz the intensity of evanescent field in the distance of z from the interface, I0 is laser 

intensity at interface, d is the penetration depth 46.  
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For example, epifluorescence allows light to penetrate through the entirety of the 

sample, whereas the illumination of fluorophores floating in the solution far away from the 

microspot does not occur in TIRF. Therefore, the TIRF excitation field exponential decay 

eliminates the noise caused by the excess of fluorophores significantly removed from the 

interface, Figure 9 46. 

 

Figure 9 Comparison between epifluorescence (top) and TIRF (bottom) microscopy. The evanescent field formation at 

and above θc, the fluorophores excitation in an aqueous environment occurs very close to a solid surface thereby 

decreasing the background. The image was retrieved from 47 

1.4.4 Image processing 

The data acquisition was followed by the image processing and single molecules 

counting with FIJI/ImageJ software. The macros for image handling, written by the former 

team member- Dr Alastair Magness, employ Localisation and ASMI algorithms for non-

congested, semi-congested and congested data. The following section will describe in detail 

what type of data the MAC chip assay generates and how to process and analyse it using the 

above-mentioned codes. 
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1.4.4.1 Single molecule counting and image analysis 

The collected raw data is a stack of 512×512 pixel 16-bit multi-frame images. Prior to 

the further analysis, the images are categorised into three groups based on the fluorescence 

density on each frame. The images with densely populated fluorescence, where single 

fluorophores cannot be separated and identified, are classified as congested images (Figure 10). 

In contrast, non-congested images allow spatial resolution of fluorescent single molecules until 

the Rayleigh Criterion (Figure 10). The third group includes images representing somewhat a 

combination of congested and non-congested images and are called semi-congested images.  

 

Figure 10 The three types of images could be obtained from experiments using the MAC chip: (left) Non-

congested, (center) Semi-congested, (right) Congested images. The depicted raw images of microspots were 

generated by assaying different concentration of recombinant protein p53 (at 103, 104 and 108 molecules/nL, 

respectively) on a MAC chip. The scale bar =25µm 

The techniques to identify single molecule peaks and fit them with 2-dimensional 

Gaussian are widely used in fluorescent microscopy. These methods are adopted from Single 

Molecule Localisation Microscopy (SMLM) which is a class of super-resolution microscopy 

techniques. The most extensively exploited SMLM methods in fluorescence microscopy are 

PALM, STORM, STED, COLD and etc. In general, the techniques differ in used fluorophores 

types and the way their emission is modulated to allow temporal separation. Although the 

mentioned methods are powerful tools for sub-molecular resolution beyond the diffraction 

limit, these strategies are not feasible to apply for MAC chip assay due to its idiosyncrasies: 1. 

MAC chip has a wide dynamic range 2. during the experiment the fluorophores are not 

photobleached and, hence, cannot be temporally resolved 3. our experimental set-up is not 
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configured for using low temperatures to slow down photochemical reactions 4. our detection 

agent can be multiply labelled, displaying quite a broad intensity distribution. 

1.4.4.2 Image processing workflow and algorithms 

The MAC chip data is processed and analysed with Fiji/ImageJ using four algorithms: 

the baseline noise offset calculation and single molecule counting for both congested and non-

congested images. The algorithms for image processing are written in ImageJ macro language. 

In addition to processing the set of images with ImageJ built-in functions, the macros also apply 

two externally-compiled ImageJ Java plugins to perform Gaussian peak fitting with University 

of Sussex’s GDSC Single Molecule Light Microscopy [SMLM] plugins and to display 

histograms of single molecules localised in the counting process with the Stowers Institute for 

Medical Research’s plugin ‘hist columns jru v1’, written by Dr Jay Unruh. The choice of these 

plugins was determined by several reasons: 1. they run solely on ImageJ 2. the output data is 

easy to handle as it records the number of single molecule localisations per frame in a tabular 

format. 

The methods to apply for further MAC data processing and analysis depend on the 

fluorescence density on the frame and hence, subcategorised into non-, semi- and congested 

images. 

1.4.4.3 Non-congested algorithm 

This section outlines the image processing and general work principle of each stage for non-

congested images. The Figure 11 describes the main processes of the raw image analysis. 
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Figure 11 Non-congested images processing and analysis algorithm involves three pre-processing steps 

(Image flattening, Rolling ball background compensation and Baseline noise offset compensation) which 

followed single molecule localization and its intensity measurement (PSF estimation, Gaussian peak fitting 

and parameters measurement). Taken from 12  

The MAC raw data requires pre-processing steps before the analysis and therefore, the 

image handling starts with image flattening, background subtraction and baseline noise offset 

compensation.  

The image frames with sparse fluorescence are flattened to compensate a non-

homogeneous spots illumination due to a Gaussian laser intensity profile. This feature implies 

a weaker laser power at the periphery of the image resulting in apparent brightness deviation 

of excited fluorophores. The images are normalised for uneven laser intensity profile by 

dividing the raw image by an image of the laser profile. The laser profile images are obtained 

from imaging five spotless analysis chambers with blank samples during MAC chip 

experiment. These images should have low fluorescent signal and be measured from the same 

experimental run as the data for analysis. The algorithm recreates a close approximation of the 

laser profile by applying a median intensity projection through a stack of five frames, followed 

by a Gaussian blur (r=50 pixel), to smooth out discontinuities and finally subtracting the camera 

bias from the profile (100 analogue-digital units for the Andor iXon 897). 

The intensity variation in the image is still observed even after the flattening procedure 

implementation indicating the presence of additional sources of variation apart from a non-
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uniform laser power. The extra fluorescence alteration is mainly caused by laser interaction 

with the walls of the PDMS structure or defocussed light from intrinsic autofluorescence in 

either the sample or antibody patch itself. The unwanted spots formed due to the named sources 

are further removed by a rolling ball background subtraction. The fluorescent objects of the 

intensity distribution larger than the rolling ball are eliminated from the image. The radius of 

the ball [50 pixels] was chosen so to effectively subtract the unwanted features whilst keeping 

true single molecules intact. As single molecule spatial frequency (only a few pixels) is 

narrower than the ball size, the rolling ball does not affect its relative intensity preserving the 

necessary information.  

1.4.4.3.1 Baseline Noise Offset compensation for non-congested data 

The next step in the image pre-processing is a Baseline Noise Offset compensation 

(BNO). The previously described procedures generate a 32-bit float image. These frames have 

a considerable number of dark pixels which contain no intensity information of single 

molecules and their grey value is close to zero but not precisely zero. The presence of which 

results in single molecule over-counting for the processed image. Therefore, the measures have 

to be taken to compensate the offset introduced by dark pixels. The baseline noise level or BNO 

is calculated from the image peripheries of 5 blank analysis chambers and is equal to the 

average of a sample of non-single molecule pixels. The obtained value is then subtracted from 

every image compensating the offset. 

=
i

iP
i

BNO
1

       Equation 11 

where Pi ϵ ↁ is the brightness of the ith member of the set ↁ of dark pixels. 

1.4.4.3.2 PSF estimation 

The images emerged from the previous procedures contain the brightness information 

of single molecules only. The next step is to estimate the point of spread function of the 

microscope for the single molecules. Essentially this process allows to define a reference point 

of a true single molecule prior to the single molecule identification and localisation on the data 

collected with EMCCD camera. In general, single molecules are defined as a diffraction-

limited light points which characteristic intensity shape and distribution is governed by Airy 
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function. Thus, all fluorescent objects on raw images are rejected unless their signal shape of 

distribution corresponds to the pre-estimated reference.   

The true single molecule has a 2D intensity distribution defined by a point of spread 

function. The Gaussian profile approximates the Airy pattern of the single molecule intensity, 

Figure 12: 
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where q is a radial distance from central maximum and σ is the RMS width of Gaussian. 

 

Figure 12 Gaussian (dashed line) approximation of the Airy pattern (solid line). Image taken from 

Wikimedia Commons 

A 2D Gaussian fitting is performed using the PSF Estimator plugin of the GDSC 

SMLM toolset. The module estimates the best Gaussian parameters for each peak by randomly 

selecting N peaks (N=1000 by default) in the image and fitting the intensity distribution of each 

peak to least-squares Gaussian function. The calculated average of the Gaussian parameters for 

all randomly selected spots are then used as starting points for initial true single molecule guess. 

The fitting iterates until the parameters of the function do not significantly change. 

1.4.4.3.3 Single molecule fitting and counting 

The peak candidates are identified implementing non-maximal suppression which 

follows by their local maxima fitting to 2D Gaussian in descending height order using GDSC 



39 

 

SMLM Peakfit algorithm. To start the molecules identification and fitting, the software users 

are asked to submit signal and width in the dialogue window. These two parameters control the 

degree of flexibility in the fit running the macro. 

A 2D Gaussian is fitted to peak candidates using a region around the candidate of 

typically 2 to 5 times the estimated Gaussian standard deviation. This procedure checks the 

convergence of local intensity maxima to an ideal 2D Gaussian function approximating the 

point-spread-function of the microscope optics. Image regions which failed to attain 

convergence were ignored. The total number of single molecules in a given image is then the 

sum of all intensity maxima where Gaussian peak fitting is successfully performed. 

The algorithm prints out the number of identified single molecule and average single 

molecule intensity per frame in the Fiji Log window. 

1.4.4.4 Analysis of congested images 

The analysis of sample containing a high target protein copy number usually results in 

images with high fluorescence signal, so called congested regime images. The Gaussian peak 

fitting algorithm is not feasible to apply for such images because of single molecule dense 

localisation. The Average Single Molecule Intensity analysis [ASMI] was developed 

specifically for congested images to quantify single molecule content. 
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Figure 13 Congested images processing and analysis algorithm involves three pre-processing steps (image 

flattening, Rolling ball background subtraction and BNO compensation) which followed by estimating the 

single molecule count using the total intensity measurement and the mean single molecule intensity 

previously defined in the non-congested frames  

The congested images processing and analysis is depicted in Figure 13. The image 

flattening and background subtraction steps are performed identically as for non-congested 

images; the rolling ball subtraction is, nevertheless, implemented using a larger ball size (512 

pixels). The baseline noise was found to differ from the one of non-congested images due to 

the selection of a larger rolling ball size for background subtraction. Although the BNO factor 

of non-congested regime cannot be used for congested images, the BNO for both is estimated 

from non-congested images.  

After the BNO subtraction process the pixel intensities of the whole image is summed to 

estimate total integrated intensity which is then divided by mean single molecule intensity to 

calculate single molecule count. The mean single molecule intensity is obtained from running 

the set of non-congested images with localisation algorithm.   

1.5 Conclusion 
This chapter discussed the importance and necessity of single cell protein analysis. The 

single cell analysis allows to identify a subset of cells with distinct features within the isogenic 
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population that otherwise would be unnoticed using conventional bulk methods. It could be 

applied to understand molecular noise within and across cellular populations. The study of 

cellular heterogeneity can only be implemented on a single cell regime. Different technological 

advancements emerged to address cell-to-cell variation mapping proteins in single cells. The 

MAC chip is one of the platforms that was developed in our group to perform a single cell 

protein analysis. 

Additionally, this chapter introduced the MAC chip technology as the platform to analyse 

protein copy number counting in single cells. Many studies successfully employing the 

microfluidic device to address different biological problems have been shown to be an effective 

tool for various biomarker evaluation in individual cells 24,48–50. In addition to the engineering 

and construction of the device, there was discussed the theoretical aspects underpinning the 

MAC chip operating principles which explicitly explained the capability of the device in 

working at single-molecule resolution. Since the MAC chip analysis relies on multiple 

peripheral technologies, the most essential of them were introduced and described in this 

chapter. Also, the process of data acquisition, its processing and analysis introduced the distinct 

methods to extract quantitative information on the protein content from single cells depending 

on the type of obtained data.  
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Chapter 2. Microfluidic Methods for Single 

Cell and Single Molecule Analysis of 

Circulating Tumour Cells in Blood 
2.1 The aim of the study 

Circulating tumour cells or CTCs are malignant tumour cells that can disseminate from 

the primary cancer site via entering and circulating in vasculatory system through which they 

subsequently infiltrate into a distant organ to form a secondary neoplasm 51. This process is 

called metastasis and it frequently leads to fatal consequences 52. Secondary tumour 

development accounts for approximately 90% of deaths and therefore it is vitally important to 

study CTCs 51. The presence of CTCs is not ascribed to certain stages of cancer, rather they 

have been detected in the blood of patients with all different stages of disease progression 52. 

Although the CTCs are in general associated with poor disease prognosis and CTCs levels in 

the circulating system have been shown to correlate with the clinical outcome, not all of them 

can metastasise, forming a secondary cancer 53. Those, however, that successfully adapted and 

proliferated in a secondary organ, have often been found resistant to systemic anticancer 

therapies 54. Additionally, some studies of cancer metastases revealed disease recurrence and 

decrease in survival rates of patients with persistent CTCs after undergoing surgery 55. CTCs 

are believed to embrace the properties of whole tumour mass representing static and migratory 

cancer and thus, these cells may act as a useful multifunctional biomarker that can be uitilised 

for disease diagnosis, prognosis and recurrence likelihood determination 56. Also, CTCs 

obtained from a liquid biopsy which is less invasive and easier to extract than tissue biopsies 

of solid tumours 52. CTC cells have also been found attractive for new therapy development 

and drug screening 57–59.   

Despite the potential that the analysis of CTCs might have, the cells are still poorly 

studied offering a relatively scarce information on the underlying mechanisms of cancer spread, 

human immune system circumvention and resistance to therapeutic agents. The lack of 

understanding stems partially from the low number of CTCs in the bloodstream 55. The CTCs 

are rare in blood of individuals with metastatic cancer which ranges between one to few 

thousands per 108 haematologic cells 60. Besides the extreme rarity, the analysis and CTCs 
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isolation is further complicated by extensive genetic variability, protein mutations, and 

abnormal expression of mRNAs and proteins 61.  

Many techniques have emerged to isolate and analyse CTCs, since Dr Thomas Ashworth 

first noticed CTCs in blood during postmortem examination of the patient and proposed the 

idea of the presence of cancer cells in the bloodstream as a fundamental prerequisite for 

metastasis development 62. New technological advancements have allowed insight into some 

aspects of circulating tumour cell biology. For example, the widely employed CellSearch™ 

(Veridex, Janssen Diagnostics, USA) was approved by the FDA for CTCs isolation and 

enumeration in patients with breast, ovarian and prostate cancers 52,55,56. However, there are 

concerns that CellSearch™ method is unable to recover dangerous subset of the stem—like 

CTCs. Partly, this problem stems from absence of universal definition of how to identify a CTC 

as opposed to a circulating epithelial cell or other cell type. Therefore, numerous novel 

techniques and approaches have been developed in recent years to study these cells. Regardless 

of the new technologies in the field of CTC, understanding of metastasis is still not 

comprehensive due to the many technical challenges and limitations. Rare cell analysis requires 

highly sensitive and specific methods for high purity yields 60. Although the MAC-based chips 

are suitable for sensitive interrogation of CTCs, there is a need to develop a bridging technology 

for the cell isolation steps. This chapter describes an attempt to develop two separate but 

connected platforms for isolation and analysis of CTCs: 1) the in-house functionalised surface 

microtubing for cancer cell capture and 2) spinning top chip to conduct further CTCs 

enrichment and protein analysis in MAC chambers.  

The analysis of single cells on the MAC platform has specific constraints. Firstly, the 

sample purity should be high enough to implement analysis of the target cell and avoid blood 

residuals and unwanted cells to affect the signal. Additionally, the high isolation recovery and 

specificity is important for rare cells like CTCs. Platforms such as CellSearch use fixed dead 

cells but the MAC assay is performed on viable cells. The isolation should be fast to prevent 

the target cells to enter apoptosis. Also, the sample should be not extremely dilute because the 

low cell concentration was found impractical to work with on a MAC platform. 

The elaboration of isolating and concentrating methods is an important pre-step for the 

analysis of cancer cells at the single cell level. In this study we attempted to build a platform 
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to isolate rare cancer cells from liquid biopsies and study CTCs variability by employing a 

downstream protein analysis in the single cell regime.  

2.2 Metastasis 
Cancer tends to spread throughout the whole body by invading secondary organs or 

tissues, gradually destabilising the organism and leading to death 63. This process is known as 

metastasis. Most malignant neoplasms have a metastatic potential even in early stage of disease 

progression 53. To metastasise, the adherent epithelial cells of primary solid tumour become 

motile, intravasate the circulating system and propagate throughout the organism 51,64. There 

are several mechanisms for dissemination of cancer cells in the body which might occur 

through the epithelial to mesenchymal transition (EMT) or non-EMT pathways 65.  It has been 

determined that the considerable portion of disseminated single “seeds” is formed on the front 

tumour interface where the cells extrusion is stimulated by exerted pressure of rapidly 

expanding parental tumour 53,66. Cells that gained the migratory features via a non-EMT cycle, 

maintain epithelial-like morphology, while EMT-conversion confers cells mesenchymal 

phenotype 66,67. 

2.2.1 Epithelial mesenchymal transition (EMT) 
Carcinomas account for the most cases among all cancer types. Carcinomas develop 

from mutated epithelial cells that possess abnormal proliferative properties. Some epithelial 

cancer cells are subjected to the epithelial-mesenchymal-transition or EMT prior to metastasis. 

The EMT process harnesses the pathogenic epithelial cells modifications whereby cells gain 

reversible phenotypic modifications and migratory features. To become motile, a cell loses 

polarity and ability for intracellular adhesion which in turn enhances migratory capacity and 

invasiveness 65–67. The cancer cells with a stem-like profile were reported to have elevated 

resistance to apoptosis and drug therapy 52. The TGF-β, an EMT initiator, is released by 

platelets when they reach a site of lesion being recruited from blood vessels. Along with TGF-

β, the platelets release growth factors and cytokines that stimulate cancer to metastasise. 

Additionally, the EMT promoting transcription factors can modulate directly or non-directly 

E-cadherin repression. The loss of the E-cadherin adhesion molecule, causes upregulation of 

N-cadherins, fibronectin, and Snail markers in the cells with mesenchymal morphology 67. 

Fischer et al. has established, using a mesenchymal-specific fluorescent marker, that only a 

small amount of invasive cells undergo EMT in lung metastasis but these cells are more 

aggressive, apoptosis tolerant and chemoresistant.65 
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2.2.2 The process of invasion by steps 
The process of metastasis is depicted in Figure 14. In short, tumour cells, endowed with 

a migratory ability, enter the circulatory blood system via the lymphatic system or 

neovasculature. Those cells, which enter the fluid circulating system, are called circulating 

tumour cells or CTCs 52. In 1920s, James Ewing proposed a theory which attributed the CTCs’ 

circulating pattern to the mechanical factors of the vasculature anatomic structure. The cancer 

cells are carried by bloodstream to the organs’ capillary beds where they are restricted by size 

63,68. The retained CTCs subsequently extravasate from the vessel and “seed” the tissue. The 

“seed and soil” theory had been first described by Stephen Paget to offer insight into the 

metastasis mechanisms. According to his hypothesis, the feasibility of secondary lesion 

formation for circulating tumour cells or “seeds” is determined by the secondary tissue or “soil” 

microenvironment 68,69. The “seed” and “soil” compatibility proposal has been additionally 

supported with experimental observation of Cameron et al. where 87% of injected cancer cells 

were arrested in the liver but only a handful were able to proliferate generating a 

micrometastasis 70. This phenomenon explicitly indicates the biological heterogeneity of 

cancer cells and highlights the importance of cancer analysis at a single cell level.  

 

Figure 14 The mechanism of metastasis 1) epithelial phenotype retaining cancer cells and cells undergone 

the EMT process detach from the solid primary tumour and enter the blood circulating system 2) cancer 

cells circulate in the system 3) extravasate from the vasculatory system forming a secondary cancer 4) the 

mesenchymal -like cells transformed into epithelial cells through the EMT- reverse process and form a 

secondary cancer. The image adapted from71 
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However, CTCs can be used as prognostic and diagnostic indicators51. Generally, the 

presence of CTCs in patients’ liquid biopsies is associated with unfavourable clinical outcome 

72. Thus, the quantification and analysis of CTCs in blood is an important objective (to predict 

the illness prognosis and evaluate the effectiveness of the treatment) but nevertheless, 

challenging to achieve due to an extremely small number of cells (1-100 cells/mL of whole 

blood) and cellular heterogeneity 73. Additionally, the CTCs were characterised as highly 

heterogenic due to variety of modifications on genetic and protein levels 74,75. 

2.2.3 Existing methods for CTCs isolation and analysis 

Numerous endeavours were undertaken to capture and scrutinise CTCs to shed some 

light upon the mechanisms of cancer spread; however, little is still known about the behavior 

of CTCs. Thus, the CTCs isolation and enumeration from peripheral blood samples is a 

persistent conundrum that needs to be unraveled. To address this problem, scientists have 

reported hundreds of methods for efficient CTCs detection which is beyond the scope of this 

thesis to provide a review of all of them individually. However, the most common isolation 

strategies can be subdivided into four categories: label-free isolation, positive selection, 

negative selection strategy and combination of these strategies 52.   

2.2.3.1 Label-free isolation 

The label-free approach exploits physical properties of CTCs to separate them from 

matrix. For instance, the isolation by distinct size and density is applied in gravity and density 

gradients, microfluidic technology and microfiltration. This process allows the isolated cells to 

undergo subsequent molecular analysis since the separation is implemented without exposure 

to chemicals. However, such methods may still inflict unwanted cellular damage and 

deformation. Although it is still a matter of debate, cancer cells are generally accepted to be 

larger than most but not all the haemotological cells, but this feature may lead to false-positive 

results. Also, the mesenchymal CTCs, possessing a stem cell-like phenotype, were shown to 

be smaller in size. Thus, it is infeasible to capture mesenchymal CTC cells by restricting the 

isolation process to large cancer cells only. This strategy has been, nevertheless, employed in 

developments like Ficoll™, OncoQuick®, MetaCell® 61,73,76 which principle of isolation 

mechanism is described in the section below.   
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2.2.3.2 Positive selection strategy 

The group of methods based on the positive selection strategy accounts in literature for 

the biggest proportion of all methods for CTC isolation. The methods usually utilise specific 

biomarkers that are expressed in the CTC cell or it surface to specifically identify and separate 

the target.  

The most evidenced and widely exploited method that belongs to this group is a 

CellSearch™. The only FDA approved technique for tumour cells detection in whole blood, 

the CellSearch is a semi-automated fluorescent-antibodies-based system. The cells expressing 

epithelial-cell adhesion molecules are incubated with anti-EpCAM antibody coated ferrofluid 

nanoparticles and enriched applying high magnetic field to separate EpCAM+ cells from the 

solution. To distinguish leukocytes from cancer cells in the magnetically separated fraction, 

the fluorescently labelled antibodies specific for each cell type are added. The DAPI staining 

is additionally performed to assist in identification of nucleated cells. The detection and 

enumeration of CTCs is performed with the semiautomated fluorescence-based microscopy 

called CellSpotter system. The CellSpotter algorithm allows identification of CTCs which are 

defined as nucleated cells expressing cytokeratin and lacking CD45. This method has been 

applied in breast, ovarian and prostate metastatic cancers. The notable downside of CellSearch 

is the requirement for the fixation of cells which prevents further molecular analysis of the rare 

cells. Additionally, capturing only nucleated EpCAM+ cells, the immunomagnetic method 

disregards a mesenchymal subpopulation that is hypothesised to be more dangerous and prone 

to metastasise. 

However, the positive selection strategy was also applied to microfluidic methods. The 

numerous and versatile designs of the microfluidic platforms were elaborated to capture and 

concentrate the rare cells. Microfluidic devices are of immense interest because of the ability 

to process extremely small volumes of samples with scarce number of cells. The two most 

reported microfluidic based isolation methods are the CTC chip and Herringbone chip. The 

devices have been proven efficient for CTC isolation from whole blood with high cellular 

viability. The CTC-chip is a PDMS structure, containing 78 000 anti-EpCAM-functionalised 

microposts 77. The geometrical arrangement of the posts interrupts the streamline maximizing 

the interaction between the target cell and coated obstacle. The platform resulted in a high-

efficiency capture which performance was demonstrated using bloods of patients with 
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colorectal, esophageal, lung, breast, and prostate cancer 77. The alternative approach presented 

by the same group involved antibody-coated chevrons or herringbones patterns which 

geometry induce fluidic microvortices enhancing effective contacts between the cells and 

trapping surfaces. The evident advantage of these devices is the lack of blood pre-processing 

steps which commonly affect negatively the yield and viability of the cells 48. However, the 

purity of the target cells could be considerably impaired by non-specifically captured 

leukocytes. Also, the process of the cell isolation using these chips is usually time-demanding 

due to the slow optimum flow rate. The literature additionally reported difficulties in releasing 

the captured CTCs from the chips for further analysis.  

Another microfluidic-based method was reported to implement the rare cells isolation 

from liquid biopsy employing lumen-functionalised microtubes. This method is discussed in 

detail in the section below. 

2.2.3.3 Negative selection strategy 

In contrast to positive selection methods, the negative ones target the biomarkers that are 

missing or not expressed in CTCs. The principle allows the elimination of unwanted cells like 

leukocytes from the solution and leaves the remaining cancer cells intact 52. The CD45 

depletion technique is widely employed for negative selection approaches 52. Epithelial 

immunospot or EPISPOT is one of the representative systems of this strategy. The EPISPOT 

procedure involves CD45+ haematopoietic cells depletion from the blood sample following by 

culturing cells on a nitrocellulose membrane coated with CTC specific antibody 78. The 48h-

long-incubation is accompanied with the cancer cells’ protein release or secretion. The 

immunospots capture secreted proteins which detection precedes by cells removal and 

introduction of fluorescently conjugated antibody. The protein fingerprints of the CTCs are 

subsequently evaluated under the microscope with further image analysis 78. Although the 

results of this method corresponded to the metastasis status and poor survival in breast cancer 

57,79, the whole procedure is time-consuming and requires at least three days to obtain the results 

from a single sample 52.   
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2.3 Methods and materials 

2.3.1 Spinning top MAC chip fabrication 

The employment of hydrodynamic single cell trapping on the microfluidic devices has 

been increasing over the years. In general, the method exploits mechanical barriers or 

obstructions to separate particles from the flow 80. The hydrodynamic traps retain the target 

cells for the subsequent analysis or isolation. This concept has been utilized by 81,82 . Moreover, 

Guan et al has introduced structural modifications of the traps to maximise trapping efficiency 

for a particle of a defined diameter 83. The Guan trap consists of an inlet channel, a trap aperture 

narrower than the dimensions of the target particle and two bypass channels, Figure 15a. The 

inlet flow has a lower resistance than it is in the bypass route Figure 15b. Hence, the cell in a 

laminar flow follows the center of the streamline that is largely directed into the trap if it is not 

occupied. The trapped cells occlude the main streamline diverting the flow to the alternate route 

and directing the following particle into the next trap.  

 

Figure 15 a) Trapping of synthetic beads by Guan traps with where the white arrow represents the flow 

direction. The scale bar= 25µm b) The dashed red rectangle points at the streamline velocity distribution 

in the unoccupied Guan trap and the black arrows show the flow direction. The scale bar= 50 µm. The 

images are taken from 83 

a) b) 
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In their paper, Guan et al. demonstrated 100% trapping efficiency with no cell loss and 

excellent reproducibility 83. The ability to isolate rare cells without loss is extremely attractive 

for CTCs extraction from clinical samples. Thus, the Guan traps were introduced into the 

spinning top chip design.   

2.3.1.1 Spinning top chip design 

The Spinning top microfluidic design was developed in the group with the idea to 

optically move the hydrodynamically trapped cells to the analysis chamber, Figure 16a. 

Therefore, along with the Guan traps, the device incorporates analysis MAC chambers that are 

positioned perpendicular to the inlet channel in a parallel array (Figure 16b). Such design 

enables an instantaneous screening of the biomarker expression in a target once it is trapped 

and transferred to the analysis chamber. The 5 µm trap opening potentially allows the capture 

of particles with dimensions considerably exceeding the size of the structure’s orifice. 

Additionally, to mitigate a high sheer stress due to fluid flow rates, a strategy of inlet bifurcation 

was adopted which prevented cell deformation and lysis. 

 

Figure 16 a) Spinning top chip design b) Guan trap and MAC chamber localization. Taken from 12 

2.3.1.2 Design fabrication 

The CAD designs of the microfluidic platform were transferred to the chromium-glass 

photomask which transmits the UV light in the design region and blocks it everywhere else.   

The chip manufacturing begins with a wafer production that is obtained with well-

established photolithographic and soft lithographic methods (Figure 17). The wafer 

manufacturing was performed according to Microchem guidelines 84 which exploits the SU-8-

based soft-lithography techniques. The epoxy negative photoresist, SU-8-2035 (MicroChem 

a) b) 
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Corp), was spun on a 100 mm Si wafer to form a 50 µm-thick layer followed by a soft bake at 

65°C for 1 min and 95°C for 6.5 min. The SU-8 coated wafer was then exposed to UV light 

through a high-resolution photomask (Mico Lithography Services Ltd, UK). The post-exposure 

bake was implemented at 65°C for 1 min and 95°C for 6 min to instigate thermally driven 

epoxy cross-linking. In the following step, the developing procedure was performed to remove 

the non-crosslinked SU-8 plunging the mould into propylene glycol monomethyl ether acetate 

for 6 min. The developed mould was then rinsed with IPA and silanised by vapour deposition 

of (tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane (Sigma- Aldrich, UK) to achieve a 

hydrophobic surface promoting a better peel-off of the solidified gel afterwards.  

 

Figure 17 Microfluidic mould production diagram. 1) and 2) The Si-wafer is spin coated with a thin layer 

of negative photoresist SU-8. Th at the appropriate RPM for a set time. 3) The wafer is subsequently baked 

and aligned with the photomask with specific design. 4) in the following procedure the wafer with mask 

undergoes the UV exposure and post-exposure bake. The wafer is then submerged in a developer solution 

to remove the un-crosslinked SU-8. 5) The finished mould is silinised and ready for the following procedures. 

The image adapted from 12 

The wafers were subsequently filled with a pre-mixed PDMS (Sylgard 184 Silicone 

Elastomer Kit, Dow Corning) at a ratio of 10:1 precursor to curing agent and degassed in a 

vacuum chamber. The gel is then cured at ambient temperature for 24+ hrs until hardened. The 

cured PDMS designs were cut and drilled to form inlet/outlet holes. To remove any 

contaminants from the gel surface, the chips were plunged into detergent solution (1% Alconox, 

Alconox Inc), sonicated for 1 hr, rinsed with water and dried with nitrogen. 
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2.3.1.3 Chip production 

To ensure the chip integrity during the experiments, the glass slide and PDMS design 

was treated in the plasma oven followed by an alignment of the components. As the prototype 

of the MAC-based spinning top chip at this stage of the research used no microarrayed 

biomaterial on the slide, the components of the platform were aligned by positioning PDMS 

design over the coverslip without the microscope exploitation. However, it was noticed that a 

single plasma treatment was unable to guarantee the chip’s integrity during tests resulting in 

complete or partial delamination of the device particularly at relatively high flow velocities. 

This observation entailed the development of an alternative chip preparation method. The new 

strategy involved double plasma treatment of the components for 50 s with 2 min relaxation 

between the procedures. The PDMS was subsequently aligned with a cover slip and placed in 

oven at 55ᵒC for 45 min with ~1kg weight on top. The 2cm-long tubing with fittings was 

connected to the inlet and outlet of the device.  

2.3.2 Capture microtubes preparation 

The microtube device is a microscale flow setup which exploits polyurethane tubing 

with functionalised inner surface which mimics physiological cell trafficking and provide 

highly specific target cell capture 25. The surface can be customised to specific cancer types by 

varying composition of the coating 27. Hughes et al demonstrated the performance of the 

functionalised surface device with both, model blood samples supplemented with KG1a and 

buffy coats obtained from patients diagnosed with metastatic cancers 25. The selectins and 

antibodies coated microtubes captured KG1a and primary CTCs from samples with roughly 

50% recovery and purity up to 80%. The eluted cells were shown to maintain viability 85 which 

allowed to culture them performing subsequent analyses 25. The similar strategy was employed 

to capture and kill HL60 cells with E-selectin and TRAIL (TNF Related Apoptosis Inducing 

Ligand) functionalised lumen 27. Also, King et al implanted a vascular shunt prototype with a 

P-selectin coated lumen into the femoral artery of rats to capture CD34+ haematopoietic stem 

cells 85.  

The current research exploited method for microtubes lumen coating that was based on 

a protocol elaborated by Hughes 86 but with introduction of several modifications to adapt the 

system for our specific purposes and enhance the capture effectiveness of the device. The 
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functionalised surface of the tubes is depicted on Error! Reference source not found. for w

hich production procedure is described in detail in this section. Firstly, the 100 cm Micro-

Renathane microtubing (300 μm inner diameter, 35.3 μL inner volume, Braintree Scientific) 

was washed with 70% ethanol and dH2O. The tubes were subsequently treated with 0.02% 

poly-L-Lysine (Sigma-Aldrich, UK) solution for 5 min at ambient temperature. The solution 

was then replaced with water and left overnight. After 24 hours, PBS (Dulbecco's phosphate 

buffered saline, Invitrogen, UK) solution was drawn through the tubes and the surface was 

further incubated with 10 μg/mL of Protein G (Sigma Life Sciences, UK) for 1.5hrs. Protein G 

is an immunoglobulin-binding protein which is commonly used as a bridging agent between 

surface and antibodies 87. The tubes were further functionalised with a mixture of 25 µg/mL of 

E-selectin and 50 μg/mL of Human anti-EpCAM (R&D Systems, UK) for 2hrs. Since most of 

carcinomas exhibit upregulated EpCAM glycoprotein (epithelial cellular adhesion molecule) 

88, the surface coating with antibodies targeting epithelial marker was considered to provide a 

CTCs-specific separation from leukocytes 25. Additionally, the E-selectin molecule inclusion 

to the modified lumen posed several advantages for the effective cancer cells retrieval. Firstly, 

it has been proposed that CTCs, akin to leukocytes, transiently bind to selectin molecules 

resulting in slow rolling on the lumen which potentiates the cancer cells interaction with the 

functionalised surface. Moreover, the EpCAM binding is slow and requires low flow rates; 

however, selectin-mediated cell adhesion allows more time for the IgG molecule to bind 

promoting cell isolation at faster flow velocities. The lumen functionalization finalised by 

blocking non-specific binding with 5% of milk protein (Blotting Grade Blocker Non-Fat Dry 

Milk, Bio-Rad, UK) solution for 1 hr and PBS washing. The coated microtubes were further 

halved and assembled into a meander on a glass slide. 

2.3.2.1 White blood cells (WBC)-depletion tube production  

The early study setup included only a capturing tubing; however, the blood sample 

analysis necessitated to introduce a WBC-depletion or pre-capturing microfluidics to improve 

purity of the captured cells. The pre-capturing microtubing production was implemented 

following the afore-mentioned protocol but using another antibody to cover the lumen with. 

Thus, instead of an antibody targeting the epithelial molecule, a mixture of 25 µg/mL E-selectin 

(R&D system, UK) and 50 μg/mL anti-CD45 (Abcam, UK) antibody was used to coat the 

lumen of the pre-capturing device.  
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2.3.2.2 Microtubes set-up 

Two compound assemblies were exploited for the current research: 1. For general 

protocol development using a model cell line and 2. For clinical sample analysis. The 

assembled system for the general protocol development was composed of a syringe pump 

(Cole-Palmer, UK), syringe, a single surface-functionalised microtubing (capturing tube) and 

a sample (Figure 19). The tube’s inlet was submerged into the sample and the outlet connected 

to the syringe with PTFE fitting and glass capillary. 

For the blood samples analysis, the upgraded set-up was used instead to improve the 

purity of the recovered cells. Thus, a set of in tandem arranged surface-functionalised 

microtubing (pre-capturing and capturing tube) was incorporated into the assembly. The 

sample before the CTCs isolation procedure was perfused through the pre-capturing tubing 

which outlet was connected to the capturing tube via glass capillary to perform a subsequent 

target cells isolation (Figure 19). 

Figure 18 The inner surface of the tube functionalised with a mixture of target biomarker and E-selectin 

showing cancer cells rolling on the lumen to promote antibody binding. The image adapted from 26  
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Figure 19 Microtubing set-up: 1. Sample, 2. WBC- depletion tubing (for blood samples analysis only), 3. 

Capturing tubing, 4. Syringe, 5. Pump 

2.3.3 Samples preparation 

2.3.3.1 Polystyrene beads sample  

15 µm polysterene bead (Sigma-Aldrich, UK) solution was prepared mixing 10 µL of 

the beads stock in 990 µL of 4% pBSA solution. The choice of the bead size was determined 

by the dimensions of the trap design and the size of the cancer cells which were considered to 

be >15µm. 

2.3.3.2 Model cell line samples 

The experiments with MCF7 cells were conducted to establish a general protocol for 

the cancer cells analysis. The breast cancer cells were cultivated in Dulbecco's Modifed Eagle's 

Medium (DMEM, Gibco, UK) with the addition of 10% Foetal Bovine Serum (FBS, PAA, UK 

DMEM) at 37ᵒC and 4% CO2. The 50-70% confluent cells were harvested and resuspended in 

5% FBS solution to achieve concentration of 5×103 cells/mL. Prior to the experiment, the cell 

solution was additionally adjusted to 5×102 cells/mL in 5% FBS solution.  

1 

2 

3 

4 

5 
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2.3.3.3 Spiked blood samples 

The blood samples were supplied by Imperial College London Charing Cross or 

Hammersmith Hospitals (Imperial College London, UK). 7.5 mL of peripheral blood from 

healthy volunteers was drawn into a BD Vacutainer tubes and delivered for analysis within 2 

hours. The transported specimen was then gently mixed and spiked with 100 µl of MCF7 

cellular solution at concentration of 5×103 cells/mL to obtain a final concentration of 500 cells 

per 7.5 mL of blood. 

2.3.3.3.1 Blood sample processing 

The peripheral blood has a complex composition containing a variety of cells suspended 

in blood plasma including erythrocytes, leucocytes and thrombocytes. However, the current 

project was focused on the method development for CTCs isolation and analysis only. 

Therefore, the sample was required to be pre-processed to avoid unwanted cells to interfere the 

results. Once spiked, the blood samples were further transferred for the pre-isolation procedure. 

The comparison of two techniques was performed to determine the effectiveness of both and 

select the more suitable method. The Ficoll-Paque™ density gradient centrifugation and Red 

Blood Cells (RBC) lysis with subsequent centrifugation were tested and the results were 

collated on the basis of target cells quantity and purity. 

The cells extraction from peripheral blood by the fore-mentioned methods required the 

sample to be <8hrs old and supplemented with anticoagulants. Thus, the samples were 

transferred and stored in a heparin tube until the handling procedure 89. The blood processing 

and pre-isolation were conducted immediately after the blood spiking with MCF7 cells.  

2.3.3.3.1.1 Isolation of peripheral blood mononuclear cells using Ficoll-Paque™ 

This method has been exploited in many studies 90–92. For example, Tan et al. used this 

technique to isolate tumour infiltrating lymphocytes from a dissociated excised tumour tissues 

92. The method was determined to yield >80% viable MNC (mononuclear cells) with high 

purity containing only up to 5% of granulocytes and 10% of erythrocytes 93. The separation 

principle is based on the diluted blood sample carefully layering over a Ficoll-Paque product 

as a result of centrifugation. The main component of Ficoll-Paque media is the Ficoll PM400 

which is a branched synthetic sucrose polymer with a high molecular weight (Mr=400 000). 

Upon spinning, the cells of distinctive density form different layers which arrangement is 
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depicted in Figure 20. In short, the bottom layer is occupied by erythrocytes due to an 

interaction with Ficoll PM400 which efficiently aggregate the red blood cells promoting their 

sedimentation. The layer immediately beneath the Ficoll-Paque media contains granulocytes 

which density increase caused by a contact with hypertonic Ficoll-Paque media. Being not 

dense enough to penetrate through the synthetic polymer coat, the majority of MNCs migrate 

to the interface between plasma and Ficoll-Paque layer 93. In the following procedures, the 

MNC layer is usually harvested, washed and resuspended in an appropriate buffer for the 

further analysis 89.  

In this research, the isolation of the mononuclear cells (MNC) from human peripheral 

blood by density gradient centrifugation was implemented according to Miltenyi Biotec GmbH 

protocol 89.  

The initial step of the protocol involves pipetting 16 mL of Ficoll-Paque™ (ρ=1.077 

g/mL, GE Healthcare Life Sciences, UK) into a Leucosep® tube (Greiner Bio-one GmbH) with 

a subsequent spinning at 1000×g for 30s to relocate the sucrose polymer to the bottom of the 

tube beneath the porous barrier. The spiked blood was halved (3.75 mL) and was subsequently 

diluted with a 2 mM EDTA buffer (EDTA dissolved in Dulbecco’s PBS, pH=7.2). To obtain a 

better purity of the target cells, the sample dilution factor was set to 3x. The diluted sample 

was shortly transferred into the Leucosep® tube and filled till the tube’s capacity with the 2mM 

EDTA buffer. In the following step, the sample was centrifuged at 1000×g for 10min which 

facilitated its stratification. The layer, where the MCF7s along with other MNC cells migrated 

during the spinning, is called buffy coat 89. Since the buffy coat localised under the plasma 

layer, it was first needed to discard the layer impeding the isolation of the target cells. The 

buffy coat was carefully aspirated and transferred into the new tube to wash the harvested cells 

removing platelets, any contaminating Ficoll-Paque media and plasma 93. The washing 

procedure was repeated 3x involving sample dilution with the buffer and a subsequent 

centrifugation at 300×g for 10 min 89. Finally, the supernatant was discarded, the pellets 

reincorporated and resuspended in 500 µL of 5% FBS solution. 
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Figure 20 Layers formation with Ficoll-Paque™ density gradient centrifugation 94 

2.3.3.3.1.2 Red Blood Cells (RBC) lysis  

The high concentration of erythrocytes in whole blood interferes with the study of 

leucocytes phenotype and function. It is, therefore, necessary to remove and lyse the RBC cells 

prior the further white blood cells analysis. The Red Blood Cells (RBC) lysis is a widely used 

hemolysing media that ruptures erythrocytes without affecting leukocytes, normal tissues and 

tumour cells 95.  

The mechanism of action for this method is governed by osmoregulation of the cell. 

When an erythrocyte is placed in a hemolytic media, it swells exceeding a critical volume 

threshold eventually leading to cellular membrane rupture and lysis. The ammonia chloride 

and sodium bicarbonate are the principal reagents in the RBC lysis buffer that are frequently 

used as hemolysing and hemolysis mediating agents, respectively. Ammonia permeates 

through the membrane triggering the exchange of intracellular OH- and extracellular Cl- and 

resulting in NH4Cl flux into the cell. Additionally, the OH- diffusion is largely mediated 

through a CO2/HCO3
- exchange accelerating the erythrocyte’s hemolysis at the presence of 

NH4Cl 96. 

The RBC lysis protocol applied in this research is further described in detail in this 

section. The working 1× lysis buffer was prepared from a 10× stock solution which was 

composed of 1.5 M NH4Cl, 0.1M NaHCO3 and 10mM EDTA solution. The half of spiked 

blood sample was transferred to the new tube and diluted to 50 mL with a cold 1× lysing 

solution. The tube was inverted for 10 min at room temperature until the liquid was clear red 
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which indicated the lysis completion. The sample was subsequently spun at 4ᵒC for 10 min at 

250×g and the formed pellet was washed with cold PBS solution at the same centrifugation 

conditions. The washing procedure facilitated the lysis-derived contaminants reduction. Finally, 

the pellets were incorporated, resuspended in 500 µL of 5% FBS solution and transferred 

immediately for the cancer cells isolation procedure. 

2.3.4 The CTCs isolation experimental overview 

The whole experimental workflow can be generally subdivided into sample processing, 

CTCs (or target cells) isolation, captured cells counting, elution, cells enrichment on the 

spinning chip and protein expression analysis in the target cells in MAC chambers. 

2.3.4.1 CTCs capturing and purification 

Shortly before the experiment, the PBS solution was drawn through the microtubing 

system. To retrieve cancer cells from either MCF7 solution or processed spiked blood, the 

samples were loaded into the microtubing via programmable syringe pump. Different flow 

programs were investigated to determine the one with the highest recovery rate. In the post-

program procedure, the capturing tubes alone (the pre-capturing tube was disconnected if used) 

were washed with 300 µL PBS at 1 mL/hr to remove unbound and loosely bound cells. The 

tubing sample was subsequently transferred for the concurrent cells discrimination and 

counting procedure where the tubes lumen undergone visual inspection under brightfield 

illumination (Nikon TE2000-U, Nikon Instruments, Japan). In the following step, the cell 

recovery was calculated as a ratio of captured cells to sum of captured and passed cells, 

Equation 13.  

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =
𝑛𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑

𝑛𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑+𝑛𝑝𝑎𝑠𝑠𝑒𝑑
      Equation 13 

The elution procedure was further undertaken to harvest the captured cells. In the 

preliminary study different elution strategies were tested to establish a protocol for target cells 

collection. Initially, the retained cells were eluted into the 96-well plate where the liberated 

cells were counted. The protocol yielding the highest cell number was subsequently selected 

for the further analysis. Once the protocol was established, the cells were eluted directly into 

the spinning top chip where they were attempted to be hydrodynamically trapped and optically 

transferred for the analysis in the MAC chambers. 
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2.4 Results and discussion 

2.4.1 Method development for MCF7 cell capture from cellular solution 

The development procedures to determine optimal operating conditions were carried 

out with MCF7 cell solution. Table 1 shows 5 various flow programs that were tested to observe 

the flow effect on the tubes capturing performance. It was noted that there is a relationship 

between cell recovery and operating flow algorithm. The obtained results were obtained from 

at least 2 repeats. 

The microscale fluid method described in Hughes et al. study 86 was initially chosen for 

the flow program because it was reported to yield >50% cell recovery (Table 1 program A). 

However, our data show that the employment of this method resulted in relatively low cell 

recovery which was found to be roughly 20%. The observed discrepancy might be explained 

by the fact that the Hughes group applied the device with differently modified surface to trap 

KG1a haematopoietic cancer cells. Thus, it was speculated that the binding between leukemia 

cancer cell and the anti-CD45 functionalised lumen occurs at the rate higher than the interaction 

between MCF7 and anti-EpCAM coated surface. This observation suggested that the program 

A is not suitable for the microfluidic device and required further optimization of working 

conditions.  

Additionally, it was noted that the introduction of interval flow program (programs B-

E) alternating flow and pause periods resulted in a considerable cell recovery growth (Figure 

21). Although, programs B-E exploit a similar flow strategy, it was found that the program E 

outperformed other methods operating approximately at 80% cell recovery. The potential 

reason for the enhanced capturing of the tubes with program E is the lower time ratio of flow 

and pause intervals. Since the E program demonstrated the highest cell capturing, it was 

selected for further analysis.  



61 

 

 

Figure 21 Average percentage of MCF7 cell recovery with functionalised microtubes by programs A-E 

which operating conditions are shown in Table 1 

Table 1 Tested flow programs for the MCF7 cells trapping 

A* 1 mL/hr 

B 60s flow (2mL/hr), 60s stop. Repeat 14x 

C 60s flow (2mL/hr), 90s stop. Repeat 14x 

D 

50s flow (2mL/hr), 50s stop, 10s flow, 

50s stop. Repeat 14x 

E 

30s flow (2mL/hr), 50s stop, 30s flow, 

50s stop. Repeat 14x 

* The method used in Hughes study to capture CTCs from blood samples of cancer patients 

2.4.2 Isolation of MCF7 cancer cells from model blood samples  

The buffy coats of the spiked blood samples were obtained using Ficoll-Paque™ 

density gradient centrifugation (Ficoll) and Red Blood Cells lysis (RBC lysis). The comparison 
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of two concentrating techniques was implemented to determine the more suitable method for 

further target cells isolation with microtubes. The obtained results using Ficoll and RBC lysis 

were collated on the basis of target cells quantity and purity. Overall, 10 experiments with 

model blood samples were performed for each blood concentrating technique. 

The Figure 22 clearly shows that there is a high variability in captured cell number 

using either of the blood enrichment methods. The inconsistent retrieved cell number is 

presumably due to supernatant aspiration during either washing procedures and crude buffy 

coat isolation or uneven coating of tube the lumen. Additionally, it was observed that the target 

cells enriched using Ficoll resulted in a lower number of captured cells comparing to RBC lysis 

approach. The microtubes captured between 2-49 cells from processed samples with Ficoll 

technique and 17-119 cells with RBC lysis.  Considering the 3.75mL blood sample contained 

250 breast cancer cells, the methods enabled to extract roughly 1-20% and 7-48% of spiked 

MCF7s for Ficoll and RBC lysis, respectively. The source of pronounced scarcity of recovered 

cells for Ficoll might be a migration of cancer cells from buffy coat to the adjacent layers during 

the centrifugation process. The MCF7 vary in size and density what can supposedly cause them 

to be suspended in the neighbouring layers and hence be lost during aspiration. It could also be 

a higher number of washing steps involved in Ficoll protocol that negatively affect the retrieved 

cellular count presumably due to the repeated aspiration and spinning.  
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Figure 22 Captured cells number from spiked blood samples processed by RBC lysis and Ficoll. The square 

represents mean, the dashed lines represent median of 10 experiments and whiskers are standard error 

The buffy coats, despite the applied enrichment techniques, were still composed of a 

significant number of unwanted cells like platelets and leukocytes. The purity of extracted 

cancer cells from buffy coats was, nevertheless, evidently different for Ficoll and RBC lysis. 

The Ficoll yielded a visibly lower unwanted to target cell ratio than RBC lysis. The results 

were assumed to be distinguishable because of different washing strategies. It is apparent that 

inclusion of additional washing steps led to a high sample purity but also loss of a considerable 

portion of target cells. In contrast to RBC lysis, the Ficoll technique required a specific reagent 

and involved more processing steps and therefore it was considered to be more expensive and 

time-consuming. The RBC lysis was found to be more favourable method because it yielded a 

higher cancer cells recovery; however, it produced a low purity of the enriched target cells. 

2.4.2.1 WBC-depletion tube introduction 

In the preliminary study, the buffy coat experiments revealed a shortcoming of the setup 

used for the validation with MCF7 solution. The assembly composed of a single E-
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selectin/anti-EpCAM coated tube produced a relatively low purity of isolated cancer cells from 

blood samples which enumeration was extremely complicated, Figure 23a. The existing system 

necessitated an upgrade and hence, the pre-capturing microtube was introduced. Although the 

pre-capturing tube with anti-CD45 functionalised surface reduced dramatically the number of 

contaminating cells on the capturing tubes (Figure 23b), the purity was still not sufficient for 

the sample to be eluted into the spinning top chip for the further analysis. The strategy to modify 

the pre-capturing lumen combining E-selectin and anti-CD45 was, therefore, employed. The 

complementary E-selectin coating facilitated retaining of the most unwanted cells on the pre-

capturing tube lumen yielding a high purity of the isolated carcinoma cells, Figure 23 c. The 

pre-capturing tube mimics the physiological arrest of white blood cells that is typically 

involved during inflammatory response. E-selectin is a glycoprotein expressed on endothelial 

cells which assist in leukocytes attachment during inflammation 97. The adhesive E-selectin 

molecule promotes leukocytes’ slow rolling on the endothelium inducing stronger integrin 

binding 97,98.  

  

Figure 23 Captured cell purity from spiked blood sample by capturing microtubing a) without pre-

capturing tube, b) with anti-CD45 coated WBC-depletion tube, c) with additionally E-selectin 

functionalised pre-capturing tube. Red arrows show captured cancer cells 

2.4.2.2 Elution 

To conduct further sample concentration and analysis of the target cells on the chip, the 

elution of the captured cells had to be undertaken. Different elution protocols were investigated 

a) b) c) 



65 

 

to establish the one that would satisfy most of the requirements. The ideal elution method was 

expected to a) recover 100% of captured cells b) yield a volume of up to 100 µL to avoid 

excessive dilution of the sample c) remain viability of target cells throughout the whole process 

(for instance, preventing the MCF7s exposure to a high shear stress or strong proteases 

solutions) and d) maintain the spinning top chip integrity by employing low flow pressures.  

For this set of experiments the elution procedures were tested on either MCF7 cellular 

solutions or spiked blood samples. The target cells capturing from buffy coat or cellular 

solution samples was performed with a set of microtubing containing or not the WBC-depleting 

microtubing, respectively. The MCF7s isolation for both samples was implemented using the 

flow program E. 

The studies of CTCs capturing with surface functionalised microtubing employed 

different strategies to elute the adherent cells from the lumen. For example, Hughes et al has 

exploited Accutase for 10 min incubation with a subsequent wash at a high flow rate to harvest 

the captured cells 25,86. Unexpectedly, this method was unable to produce a satisfying outcome 

in our case resulting in cells shearing and undesirable eluate volume increase due to a 

subsequent PBS perfusion. This observation might be attributed to difference in the utilised 

capturing flow programs that has been applied in the referred studies. It was speculated that the 

E flow program facilitated a stronger cells adhesion to the functionalised lumen and therefore, 

the tested elution method was observed to be not suitable to collect the captured cells.  

The absence of an operating elution protocol brought us to explore of air embolism 

technique. This technique has been previously applied in some studies to retrieve viable cells 

from the functionalised tubes 27,29,85. For example, Narasipura et al. eluted target cells 

employing a combination of 2.5 dyn/cm2 high shear stress and air embolism, whereas King et 

al. harvested the isolated cells with 5mM EDTA and air embolism at 10 dyn/cm2 27,29. As it 

was previously observed, the high shear stress ruptured the captured MCF7s in our experiments 

and therefore, the exploited methods in the referred studies clearly required adjustments before 

being applied.  

The combination of different eluting solutions with air embolism were tested to 

determine the effect on the captured cells recovery. The air embolism with 5% FBS buffer was 

found to be ineffective because the major proportion of cells remained trapped failing to vacate 

the microtube. The positive result was observed applying Accutase solution which promoted 
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cells detachment and ejection from the tubing. The Accutase solution is composed of 

proteolytic and collagenolytic enzymes which facilitate detachment and dissociation of cells. 

Being routinely exploited in standard tissue culture procedures, Accutase has shown an 

increased cell viability in comparison with trypsin/EDTA 99. However, the examination of the 

eluate generated by this method revealed the solution to contain cellular aggregates and clusters. 

The cellular clusters can potentially occlude traps and channels of the spinning top chip 

complicating the single cell analysis. The similar result was obtained testing air embolism with 

trypsin/EDTA; however, this method was dismissed because trypsin requires incubation at 37℃ 

and quenching 99. Considering the obtained results, the elution protocol further development 

was pursued with the focus on the Accutase/air embolism application. The effect of volume 

and flow rate was further tested on the eluted cells recovery. 

Figure 24 a) Eluted cells recovery with different perfused volume at flow rate of 2 mL/hr b) Eluted cells 

recovery with different flow rate  

Figure 24a demonstrates the effect of perfused solution volume on the cell recovery. 

As it can be noted the bigger volume withdrawal led to a higher cells recovery for the elution 

procedures at flow rate of 2 mL/hr. It was speculated that enhancement in cell recovery might 

be associated with the time required for the bigger volume perfusion which promotes cells to 

stay in mobile state longer (than for smaller volume) preventing interaction with the 

functionalised lumen.  

Since the application of high shear stress was employed in several studies, the effect of 

flow rate on the elution process was assessed combining air embolism with withdrawal of 100 

µl of Accutase. It was observed that the higher cellular number was recovered with the elution 

at higher flow rates, Figure 24b. The cells detached from their primary binding sites can 
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potentially be bound a second time whilst travelling in the tube. The anti-EpCAM binding is, 

however, slow and requires time to occur even with the static cells. Thus, the possible 

explanation for the observed flow rate effect is that at higher flow velocities the eluting cells 

are restricted to contact the functionalised surface residing in a continuous mobile state. 

Additionally, the viability of the eluted cells was confirmed with trypan blue and showed 

MCF7s to successfully survive the flow rate without being ruptured or lysed. Although the 100% 

recovery was not achieved with neither of the tested protocols, a combination of 100 µL of 

Accutase perfusion with air embolism at flow rate 2 mL/hr produced the highest cellular yield 

resulting in roughly 50% recovery of the captured cells.  

2.4.3 Validation of spinning top chip methodology with polystyrene beads 

Before the analysis of blood and MCF7 samples, the spinning chip device was first 

tested with polystyrene beads to validate its performance. To avoid particles adhesion to the 

chip’s surface, the microfluidic device was pre-blocked with 4% BSA solution. The sample 

solution was introduced to the platform with a pump-driven flow. In the preliminary study, the 

chip sealing was achieved via single plasma treatment of the components. However, it was 

established that the platform failed to withstand even a low flow rate which caused the chip to 

dissociate in nearly 90% cases. The protocol clearly required modifications to ensure the 

microfluidics integrity during the experimental runs. To enhance the bond between glass and 

PDMS superstructure, the plasma treatment was repeated twice with relaxation step between 

the procedures. The new strategy provided the chip integrity at flow velocities as high as 100 

µl/min in 70% cases. The beads trapping was, nevertheless, implemented at 30 µl/min to 

improve the likelihood of the device successful performance. The Figure 25a and b demonstrate 

the Guan traps trapping efficiency maintaining the platform’s integrity. The group was also 

able to accomplish optical transfer of the hydrodynamically trapped 15 µm beads to the MAC 

compartments. This progress allowed for the current study to move towards isolation and 

concentration of human cells. 
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Figure 25 a) The polystyrene beads trapped by the Guan trap. Red arrow points at the trapped bead. b) 

The optical transfer of the hydrodynamically trapped beads into the MAC analysis chambers. The 

rectangles highlight the position of the hydrodynamically trapped beads before optical trapping and 

transfer to the analytical chamber and after 

2.4.3.1 MCF7 cells enrichment on the spinning top chip 

MCF7 as well as CTCs are larger than most of white blood cells which allowed the 

hydrodynamic traps to discriminate target cells restricting their passage through the trap’s 

aperture due to the size. 

The first tests conducted with MCF7 cancer cells revealed that the chosen operating 

conditions required optimisation. Despite the bifurcated flow inlet of the device, the flow rate 

a) 

b) 
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for polystyrene beads experiments was found to be too high for the trapping of cancer cells. At 

30 µL/min the MCF7s were observed to deform and squeeze through the trapping orifice and 

therefore, the procedure was subsequently implemented at a lower flow velocity. The cells 

were found to be stably immobilised in the traps throughout the duration of experiment at 10 

µL/min, (Figure 26). Although the slower flow rate prolonged the experimental run, the 

complete sample processing on the chip could be attained within 10 minutes assuming the 

sample volume after elution does not exceed 100 µL.  

 

Figure 26 The spinning top MAC-based chip validation with the MCF7 cellular solution. The flow rate 

reduction at which cells were fed into the chip resulted in the successful trapping of individual MCF7 cells. 

The arrows indicate hydrodynamically trapped individual cells. The scale bar = 200µm 

Additionally, it was observed in some occasions that multiple cells occupied a single 

trap; however, it is unknown whether a gradual accumulation of multiple single cells in a trap 

preceded clogging or the cell cluster formed before entering the device (Figure 27). The cellular 

aggregation jeopardised the platform’s efficiency and therefore, needed to be avoided. To 

reduce cluster formation, the MCF7 confluency was kept below 70% and the working solution 

was supplemented with chelating agents such as EDTA. 
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Figure 27 The spinning top MAC-based chip validation with MCF7 cellular solution. Clogging of some 

Guan traps of the tested platform was observed by the MCF7 cell clusters. The arrows show the trapped 

MCF7 aggregates. The scale bar= 200µm.  

2.4.4 Incorporation of microtubes and spinning chip to isolate MCF7 from 

model blood samples 

Prior to elution, the capturing CTC-microtube was directly connected to the spinning 

top chip to reduce the loss of the targeted cells. This is an important step especially when 

applying this technique to more precious samples such as CTCs. The isolated cells from buffy 

coat were eluted combining Accutase with air embolism technique at 10 µL/min. The 

experiment was performed without introduction of an additional WBC-depletion step. As it can 

be seen on Figure 28, the chip failed to retrieve MCF7 cells due to clogging of traps and 

channels, presumably by residual blood components and cellular clumps.  
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Figure 28 The images of clogged Guan traps and channels (A-I) upon the retrieved cells elution obtained 

from buffy coat. The experiment was performed without WBC-depletion tube.  

2.4.4.1 Spinning top with debris filter 

Due to persistent chip clogging problem, the group introduced microfluidic size-

exclusion filter situating it before the trapping region, Figure 29. The filter was designed to 

retain large debris preventing it from obstruction of trapping area. The filter is composed of 

hydrodynamically not-optimised microposts that would presumably filter the cellular 

agglomerates and blood residuals.  
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The cancer cells were attempted again to be enriched from the model blood sample via 

buffy coat perfusion through the set of microtubes to facilitate WBC-depletion and target cells 

capture with the following on-chip enrichment and analysis. The cells elution from capturing 

tube was performed at 10 µL/min combining Accutase and air embolism. Although the 

introduction of pre-capturing tubing and the upstream filter notably reduced traps occlusion, 

some unwanted residuals penetrated through and clogged the traps (Figure 29 A-E). Moreover, 

the experiment was forcibly stopped because after few minutes of continuous flow the device 

delaminated, Figure 29 F-I. The unsuccessful performance of the device was assigned to the 

filter which negatively affected integrity of the chip by increasing the contactless surface area 

of the design.  
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Figure 29 Top: the design of the modified spinning top chip with the filter upstream the trapping area 

Bottom: A-E occluded Guan traps with the blood residuals and cellular aggregates, F-I delamination of the 

chip due to the filter introduction. The experiment was implemented with WBC-depletion procedure. The 

images are adapted from 12 

2.5 Conclusion 

This chapter discusses the endeavours to develop a set of platforms for CTCs analysis on 

the MAC-based platform. A potentially useful composite device combined microtubing for 

specific target cells isolation and MAC-based spinning top chip for hydrodynamic cells 
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enrichment and single cell protein analysis. The development of the compound setup was 

divided into two discrete steps: elaboration of the microtube and spinning chip platforms.  

The first part of the research was focused on the employment of microtubes for cancer 

cells recovery which operating concept is based on the mimicking of cell trafficking in the 

biological systems. The performance of lumen modified tubes were first observed with MCF7 

cellular solution. Upon the investigation of different operating flow programs, the program E 

was found to produce the highest cell recovery which presumably conferred the most 

favourable dynamics for the slow nature of the EpCAM bonding.  

The tubing was subsequently tested with buffy coats obtained from the model blood 

samples using Ficoll and RBC lysis techniques. The samples immediately revealed the 

marginal purity of the captured target cells which clearly indicated the need for a purification 

step introduction prior to the capturing. The WBC-depletion tube was, therefore, connected in 

tandem with the capturing device. The following modification of the pre-capturing tube’s 

surface with a mixture of anti-CD45 antibody and E-selectin protein improved purity of the 

retrieved MCF7s from the model blood samples. The cancer cells recovery rate in spiked blood 

samples was, however, noticed to be markedly lower than expected supposedly due to the 

repeated cycles of centrifugation and aspiration for Ficoll and RBC lysis. The spinning with a 

subsequent aspiration reduced prominently the number of cancer cells in the processed sample 

which is a concern for the rare cells like CTCs. Although both Ficoll and RBC lysis were found 

to produce suboptimal results, the RBC lysis protocol was selected for further experiments 

because it yielded a notably higher number of recovered target cells than Ficoll. 

Additionally, different strategies to liberate the adherent cells from the capturing lumen 

were explored. It was established that the combination of Accutase with air embolism was the 

most suitable technique to elute the cancer cells. A similar concept of using air embolism to 

detach viable cells from the surface has been previously reported and exploited in several 

studies. The optimisation of the elution procedure parameters showed the positive correlation 

between higher eluate volume and eluted cell recovery. Also, the elution flow rate was 

observed to affect the procedure outcome. Whilst too rapid flow velocity exposed cells to 

intolerable sheer stress leading to cellular lysis, the inadequately slow elution negatively 

affected the cellular recovery. Thus, the optimal flow rate was determined to be 2 mL/hr. 
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Before the microtubes incorporation with the spinning top platform to optically transfer 

the trapped cells for the concurrent MAC-based protein analysis, the chip was first tested and 

validated with synthetic beads and MCF7 cancer cells. After resolving the chip’s integrity 

problem that occurred during the experimental runs, the microfluidic platform was 

demonstrated to be effectively used for the beads hydrodynamic trapping and optical 

transportation to the MAC chamber. The operating conditions were, nonetheless, found 

unsuitable for the MCF7s due to their propensity to deform and squeeze through Guan’s traps 

at the chosen flow velocity. The flow rate was, therefore, reduced to 10 µL/min to facilitate the 

target cells retaining in the traps.  

The coupling of microtubes with the spinning chip was implemented to validate the setup 

with the spiked blood samples. The cancer cells extraction was carried on microtubing device 

which was subsequently connected to the chip to elute the captured cells directly into the chip. 

The eluate was noticed to clog the channels and traps of the microfluidic platform by blood 

residuals. This result led to an introduction of the WBC-depletion tube and the on-chip filter 

upstream the trapping area. Although the system’s upgrades reduced the biological-clumps-

derived obstruction of channels and traps, the filter upstream the trapping area of the chip 

weakened the structure integrity disabling the platform to withstand the flow and causing it to 

burst apart.  

Although the MAC-based chip is an effective platform for the rare cells analysis, the 

isolation and delivering cells like CTCs to the chip remained unresolved which hindered 

successful performance of the developed composite device addressed in this chapter. It is, 

nevertheless, believed that the described attempts of CTCs isolation with ensuing single cell 

protein analysis will be considered for the future studies of cancer metastasis. The potential 

route to address this biological problem is further described in 6.2.2. 
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Chapter 3. A microfluidic capture affinity 

assay development for FOXO3 protein 
3.1 Why is it important to study FOXO3?  

The abundant expression of FOXO1 and FOXO3 transcription factors in nearly all 

tissues suggests that these proteins are important in the regulation of many vital processes 

although through as yet unidentified mechanisms. Current research is mainly focused on 

gaining insight into the functions of FOXO3 proteins at a single cell level which will 

presumably reveal the missing information in understanding the biology of lung cancer, asthma, 

COPD and other respiratory diseases. It has been speculated that FOXO3 plays an essential 

role in COPD and other respiratory diseases development which became a major motivation 

for the FOXO3 assay establishment in this research. In order to track protein expression in 

single cells the methodologies are required with high dynamic range and the sensitivity to 

detect protein molecules. The MAC chip has already been successfully employed to evaluate 

the p53 protein expression in single cells of human cancer cell lines and disaggregated 

xenograft 24; however, there is a need to investigate the single cell response for the biomarker 

levels relevant to other specific diseases. This chapter details the FOXO3 immunoassay 

development process and its adaptation to the MAC chip platform to conduct a single cell 

protein analysis. 

3.1.1 FOXO transcription factors 

The forkhead box family (FOX) proteins are evolutionarily conserved transcription 

factors that are involved in regulation of many biological processes100,101. The three-

dimensional structures of FOX proteins show they have a conserved winged-helix DNA 

binding domain (DBD) which is called the forkhead domain (FKH).  The FKH domain is 

composed of ~100 amino acid residues constituting three α-helices, three β-sheets and two 

wing-like loops that flank the third β-sheet102. The amino acid sequence motif of the DBD is 

almost invariant for different family members. The FOX family is classified into 19 clades 

based on the structural similarity in the FKH domain -from FOXA to FOXS102.  

The “O” sub-family of FOX proteins contains four members- FOXO1, FOXO3, 

FOXO4 and FOXO6 which are all mammalian homologues of the Caenorhbditis elegans 
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longevity and dauer arrest gene DAF-16 103,104. FOXO transcription factors activate or inhibit 

genes responsible for processes such as proliferation, metabolism, inflammation, ageing, stress 

resistance, apoptosis, reproduction and differentiation.  

FOXOs show extensive sequence homology for four regulatory motifs of the forkhead 

domain, a COOH-terminal transactivation domain (TA domain), a nuclear localisation (NLS) 

domain located in the COOH-terminal basic region of DBD and a nuclear export domain (NES) 

located downstream of the DBD (Figure 30). Despite high sequence homology, the mouse 

FOXO knockout experiments have revealed that each FOXO gene exhibits a unique regulatory 

function in different biological processes 105. 

 

Figure 30 Schematic representation of FOXO proteins which contain four regulatory motifs: a forkhead 

DNA binding domain (DBD), a nuclear localisation domain (NLS), a nuclear export domain (NES) and a 

transactivation domain (TA)106 

Each FOXO isoform displays distinct DNA-recognition motifs and regulatory 

mechanisms. However, all FOXO proteins bind to the insulin response element (IRE) with the 

consensus sequence of 5’-T(G/A)TTTTG-3’ and the Daf-16 family binding element (DBE) 

with consensus sequence of 5’-T(G/A)TTTAC-3’. FOXOs have regions of natively  

unstructured elements and therefore, the binding of C-terminal transactivation domain is 

implemented through an induced-fit model which requires multiple modifications to provide a 

high-affinity DNA binding conformation 107. 

FOXO1 and FOXO3 are larger proteins that are composed of 655 and 673 aa, 

respectively, whereas FOXO4 and FOXO6 are 505 and 492 aa long. FOXO1 and FOXO3 are 

ubiquitous and have been detected in nearly all tissues. FOXO4 is predominantly expressed in 

colon, ovary, testis, muscle and kidney tissues. FOXO6 has been reported to be highly 

expressed in brain and female specific tissues.  
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3.1.1.1 Properties of FOXO3 

FOXO3 is a transcription factor encoded by the FOXO3 gene. The protein has been 

found to play an essential role in tumour suppression, glucose homeostasis, immune cell 

regulation, (cancer) stem cell maintenance, inflammation, lifespan and human longevity 108. 

The structural analyses show that promoter recognition helix H3, wing1 and the C-

terminal regions are actively involved in DNA binding. The NLS domain, which is localised 

in C-terminus of FOXO3-DBD, has a coil structure inserted into the major groove of DNA, 

Figure 30. The DNA promoter recognition is implemented via a series of van der Waals 

interactions and hydrogen bonding between methyl groups of thymine bases and the conserved 

residues of Arg 211, Ser215 and His 212 101. The DNA binding sequence for the FOXO3 has 

been reported to be 5’-GTAAACA-3’. Similarly to FOXO1, Tsai et al. has shown that 

homodimer can form between two FOXO3-DBD molecules 101. 

FOXO3 has been also found to bind distantly from the promoter region of genes. 

Enhancers presumably contribute to the FOXO3-DNA binding. The enhancer activity helps to 

determine the outcome of FOXO3 binding activity. In addition, the combination of enhancer 

sequence and chromatin context affects the transcription factor outcome. It has been speculated 

that clustered binding sites promote the FOXO3 binding affinity.  

FOXO proteins are regulated by a wide range of external stimuli, such as insulin, insulin-

like growth factor (IGF-1), other growth factors, neurotrophins, nutrients, cytokines and 

oxidative stress stimuli100. FOXO transcriptional activity is tightly controlled by multiple 

mechanisms which include posttranslational modifications including phosphorylation, 

acetylation, ubiquitination and possibly others. The modifications can promote nuclear import 

or export, change the DNA binding affinity, and alter the pattern of transcriptional activity for 

specific target. 

Since the regulation of FOXO3 controls the vital bioprocesses in human cells, the 

disruption in transcription activity provokes a cascade of biological events leading to cell’s 

faulty operation and development of pathologies. However, due to intrinsic and extrinsic 

variation, not all cells response to the stimuli identically. Therefore, the ability to characterise 

the FOXO3 level in the single cell regime would assist in understanding the disease underlying 
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physiological processes and novel therapy discovery. In the following sections, the 

development of an analytical tool for FOXO3 protein evaluation in single cells is described. 

3.2 Methods and Materials 

Various microfluidic platforms were used in this research to pursue different objectives. 

The devices employed can be subdivided into two categories: Open chip and MAC chip. 

Additionally, the single cell analysis was implemented using two MAC chip designs that 

contain either 4.5nL or 1.2nL analysis chambers. In the following section, the in-house 

preparation of these microfluidic tools is described. 

3.2.1 Experimental overviews  

The Open chip was predominantly deployed as a preliminary step during assay 

development to observe the performance of different reagents and to screen, in parallel, 

antibody pairs for determining suitable candidates for a FOXO3 analysis in singe cells. 

Additionally, this platform allows rapid adjustment and optimisation of operational conditions 

to reach the best performance of a matched agent pairs.  

 

Figure 31 Open chip experimental workflow starts with XY-coordinates recording of the printed spots’, 

the three analysis wells of the platform are subsequently filled with 100µL of sample of interest. In the 

following step, the recorded coordinates are imaged under TIRF illumination during 2hrs incubation every 

30-60 min at room temperature.  
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The analyses performed on the Open chip platform are relatively straightforward and 

comprise four steps, Figure 31. Firstly, the XY coordinates of the microarrayed spots of 

different capturing agents were recorded on the programmable microscope stage (Nikon, Japan) 

with the NIS Elements software (Nikon, Japan) and imaged under a brightfield illumination. 

In the next step, the wells of the microfluidic platform were filled with 100 µL of previously 

prepared samples (described below). Once samples were transferred into the chip, the filled 

device was immediately sealed in the case to prevent the solution evaporating. The signal 

readout from the pre-recorded coordinates of the spots was performed under TIRF during 2 

hours of incubation every 30-60 minutes. The collected data, a set of 16-bit raw images with a 

resolution of 512x512 pixels, were further analysed with FIJI software to determine the single 

molecule count per image (data analysis was discribed in detail above). The reagents resulting 

in the highest signal were subsequently chosen for the MAC chip device to execute a second 

round of antibody screening.  

Unlike the Open chip, the MAC chip enables evaluation of the assay performance in a 

single cell regime. Since the MAC chip device is intended for the final application and is 

distinctive from the Open chip, the experimental pipeline differs notably too. The schematic of 

sample analysis with the MAC chip device is illustrated on the Figure 32.   

 

Figure 32 a) MAC chip experiments start with printed spots’ XY-coordinates recording and the platform 

filling with the background solution (black). b) The cellular solution (green) is then perfused through the 

main channel of the design where the cells of interest are optically trapped and corralled into the cubicle of 

analysis chamber. c) Prior to the laser-induced cellular lysis, the coordinates of the spots are imaged under 

TIRF. In the post-lysis procedure, the signal is TIRF imaged during 2hrs of incubation time 

 Experiments were performed optically and based around a standard inverted microscope 

Nikon TI-E (Nikon, Japan) using a 60×, NA=1.49 oil immersion objective. The precise XY 
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coordinates of the printed microspots in each MAC chip chamber were recorded on the 

programmable microscope stage (Nikon, Japan) and imaged under bright field. Roughly 50 µL 

of background solution (described below) was pipetted on the chip’s inlet and outlet to 

subsequently fill the platform in the vacuum.  The device filling with background solution 

before cell handling and analysis facilitates optical trapping and reduces background signal 

from non-specific interactions due to BSA surface coating/blocking, Figure 32 a. Once filled 

with the background solution, the device was returned to the microscope stage and connected 

to a programmable syringe pump (Labsmith, USA) via glass capillary. The solution containing 

the cells was subsequently flowed down the main channel at 5µL/min. The cells were then 

transferred from main channel into the cubicles of the analysis chambers by optical tweezer 

manipulation and imaged under the brightfield. The optical traps were generated by a 

continuous wave Ytterbium fibre laser (YLM-5; IPG Photonics, UK) with a spectral output of 

1070 nm and operational power of 0.5-0.7 W. The beam was focused through the Nikon 60x 

objective (Nikon, Japan) enabling dielectric particles like cells to be held close to the focal 

point of the light. The trapped cells were individually transferred into the analysis chambers 

via translating the motorised stage. The imaging of the pre-recorded antibody spot coordinates 

with TIRFM followed the cellular trapping to estimate the background signal of the 

immunospots before the lysis step. The corralled single cells were optically lysed using a 6 ns 

laser pulse from a Q-sw Nd:YAG laser (Surelite SL I-10, Continuum, USA) at λ=1064 nm and 

14 µJ energy. The applied pulse produces a cavitation bubble 10 µm above the cell which 

expansion leads to the mechanical shearing of cellular membrane and consequently, releasing 

the encapsulated nuclear and cytoplasmic contents into the analysis chamber 31. This lysis 

method preserves native protein states and protein-protein complexes 109. To reach a 

thermodynamic equilibrium between assay and the analyte, the microfluidic device was 

incubated for 2 hrs. During the incubation, the microspots were imaged under TIRF 

illumination every 30-60 min. The assay readout was performed by TIRF with an electron-

multiplied CCD camera (IXON DU-897E, Andor Technologies, Ireland). The fluorescent 

molecules were excited by a solid state cw laser (MBL-473-200, Laser 2000, UK) at λ= 473 or 

651 nm. The design PDMS superstructures were retrieved at the end of the experiment and 

sonicated overnight in the detergent solution. Finally, the collected data was analysed using 

FIJI software to assess the single molecule count for various samples.  
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3.2.2 Chip preparation 

The MAC chip and Open chip manufacturing was carried out in-house and their 

production involves a multi-step process. The chips represent an assembly of two components 

sealed together: a cured PDMS superstructure and pre-functionalised, microarrayed cover slide. 

The manufacturing of both is laid out in detail in the following protocol. 

3.2.2.1 Design fabrication 

The MAC chip designs exploited in this research in AutoCAD software (Autodesk Inc.) 

by Dr Alastair Magness. The mold fabrication is described in detail in 2.3.1 section. 

The obtained molds were subsequently filled with a pre-mixed PDMS (Sylgard 184 

Silicone Elastomer Kit, Dow Corning) at a ratio of 10:1 precursor to curing agent. The filled 

wafers were degassed and cured at ambient temperature for 24+ hrs until hardened. It is feasible 

to accelerate the curing process at elevated temperatures; however, the heat-driven material 

expansion causes the MAC chip chambers to have no longer a 500µm spacing. Therefore, the 

preference was given to the slow curing at room temperature. Once cured, the PDMS designs 

were cut and drilled to form inlet/outlet holes.  

The Open chip device has a 3-well format which is obtained by cutting out three 

1x0.5cm rectangular openings from the plain, cured PDMS by scalpel. To remove the 

contaminants from the gel surface, the chips are plunged into detergent solution (1% Alconox, 

Alconox Inc), sonicated for 1 hr, rinsed with water and dried with nitrogen.  

3.2.2.2 Slide preparation 

3.2.2.2.1 Coverslip functionalisation and passivation 

Protein analysis at a single-molecule resolution requires slides with a high-quality 

surface passivation 110. The surface passivation suppresses high background fluorescence from 

non-specifically interacting debris and avoids glass impurities-induced malfunction and 

denaturation of immobilised proteins 110. Protein adsorption into bovine serum albumin (BSA) 

blocked surfaces has been found to yield a relatively noisy background for a single molecule 

protein study and therefore, there was a need in a less adhesive surface passivation technique 

110,111. The introduction of surface PEGylation (or polyethylene glycol surface coating) 
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decreases protein adsorption to an undetectable level and has universally become the method 

of choice for single molecule fluorescence analysis 110.  

Previous work carried out in the group compared the performance of three different 

functionalised surfaces in terms of the signal-to-noise ratio and the suitability for the antibody 

and antigen pairing 49. The tested surfaces are commercially available Schott Nexterion Type 

H, PolyAn 3D functionalised slides and an in-house custom made ‘PEG-Neutravidin®’ slide.  

The substrate generated with an in-house custom protocol has been determined to have an 

optimal surface for all our research purposes.  

A multi-step treatment was employed to produce ‘PEG-Neutravidin®’ coverslips with 

functionalised and passivated surfaces. The process can be subdivided into 4 sequential 

procedures: cleaning/hydroxylating/etching, APTES coating, surface passivation and 

Neutravidin® coating.  

The purpose of the first step is to remove background fluorescent molecules and 

introduce hydroxyl (-OH) groups to the surface. To obtain clean and -OH modified coverslips, 

the slides were firstly rinsed 3 times with deionised water and 1M KOH solution, and 

subsequently sonicated in the hydroxide solution for 20 min. In the next step, the KOH solution 

disposal was followed by triple rinsing the slides with acetone and sonication in the solvent for 

another 15 min. Since it is critical to achieve a highly hydrophilic surface prior to the amino-

silanisation reaction 110, it was additionally etched with 1M KOH for another 20 min and rinsed 

with deionised water afterwards.  

The surface functionalisation step generates the amine groups on the surface that further 

can be conjugated with PEG molecules. The amino-salinization of the slides was obtained by 

sonicating them in methanol for 20 min and subsequently incubating in 1% (3-

Aminopropyl)triethoxysilane (APTES, Sigma-Aldrich, UK) solution. During the 20 -min -long 

incubation, the slides were sonicated once for a minute to ensure an even distribution of amines 

on the surface. The functionalised slides were subsequently rinsed with methanol, water, dried 

with nitrogen and stored until the next step at 4ᵒC in a parafilm-sealed container.  

The preparation of the PEGylation solution for the surface passivation involved mixing 

of 5-15mg of biotin-PEG-SVA with 50mg of mPEG-SVA (MW 5000, Laysan Bio, USA) in 

400µL of 1 mM NaHCO3 buffer. The surface passivation initiated with delivering 80 µL of 
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mPEG/biotin-PEG-SVA mixture onto the functionalised coverslip surface and pairing 

(sandwich-aligning) it immediately with another functionalised slide over the solution. The 

sandwich assemblies were subsequently incubated in the dark for 2hrs to provide PEG 

molecules attachment to the surface.  The slides, upon the incubation process, were rinsed 

with water, dried and stored until next procedure.  

Finally, the passivated cover slips were NeutrAvidin® coated to bridge the biotinylated 

surface with biotinylated proteins or DNA. This step was required for biotin modified capturing 

agents only. Due to its high binding affinity to biotin, NeutrAvidin®, an avidin derived protein, 

is extensively exploited to provide agents’ immobilisation and fixation on substrates 112. 

According to the current protocol, the 80µL of the NeutrAvidin® at 0.1 mg mL-1 in Dubelcco’s 

phosphate buffered saline (PAA Laboratories GmbH, USA) solution was dispensed on the 

PEGylated coverslip which followed by pairing with another slide and incubation for an hour 

in the dark and humid environment. After the treatment, the slides were washed with water, 

dried with nitrogen and stored at 4ᵒC until the next step.  

3.2.2.2.2 Slide printing 

FOXO3 assay development involved testing the performance of different reagent pairs 

to identify those with the highest signal-to-noise ratio. The microarrayed capturing agents 

exploited for the FOXO3 assay development are listed in Table 2.  

Table 2 The list of the tested capturing agents to establish the FOXO3 assay  

Assigned 

Name 

Commercial name Additional information on content 

CA1 DNA, Sigma Aldrich Lyophilised 

CA2 NOVUS PBS, no preservative 

CA3 D12, Santa Cruz Each vial contains 200 µg IgG1 kappa 

light chain in 1.0 ml of PBS with < 0.1% 

sodium azide and 0.1% gelatin  

CA4 AbCAM PBS 49%, Sodium azide 0.01%, 

Glycerol 50%, BSA 0.05% 

CA5 D19A7, Cell Signalling 10 mM sodium HEPES (pH 7.5), 150 

mM NaCl, 100 µg/ml BSA, 50% 

glycerol and less than 0.02% sodium 

azide 

CA6 Monoclonal, ProteinTech PBS with 0.02% sodium azide and 50% 

glycerol pH 7.3 

CA7 Polyclonal, ProteinTech PBS, no preservative 

CA8 mab6165, RnD Lyophilized from a 0.2 μm filtered 

solution in PBS with Trehalose, 

resuspended in PBS 
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3.2.2.2.2.1 Primary antibodies biotinylation 

The selected antibodies were biotinylated to improve the capture antibody 

immobilisation on the NeutrAvidin coated slide. In addition to having a high affinity towards 

avidin-like proteins, when biotin is covalently attached to proteins there is a low probability of 

harming their functional properties113. The protein biotin conjugation was executed with Biotin 

(Type B) Fast Conjugation Kit (ab201796, Abcam, UK) following the Abcam protocol.      

3.2.2.2.2.2 Microarray production 

In this research, the microarrays were fabricated using a contact pin printing because 

this method has a low requirement for printing sample volume and a good control of the 

transferred sample amount.  

Prior to the printing, 10 µL of pre-mixed samples with a printing buffer were transferred 

into the 384-microwell plate. The effect of 1x ArrayIt (ArrayIt Corporation, USA) and 3x SSC 

(saline sodium citrate)/1.5 M betaine printing buffers on immunosorbents generation and 

performance was tested. The printed capturing agent concentration varied between 0.1-1 

mg/mL depending on the capture affinity, composition and additives of the sample. The 

biomaterials were deposited on the slides using OmniGrid Micro microarrayer (Digilab, UK) 

and 946MP2 pin (ArrayIt Corporation, USA). 

As it is stated in the manufacturer’s technical description42, the selected pin yields spots 

with up to 62.5 µm diameter which was found to fit into the CCD camera field of view; 

however, the actual printed patch dimensions were observed to depend on the loaded sample 

composition and printing conditions. The relative humidity for the printing was usually set to 

40-55% to avoid sample rapid evaporation and obtain a spot with desired dimensions.  

The microarrays were addressed on the functionalised planar substrates in 2 different 

fashions to perform analyses for different purposes. The Figure 33 shows the microarrays 

designs for the Open and MAC chips. Before printing either of microarrays, the program 

executes a pre-print procedure dispensing a series of 30 spots for each capturing agent to adjust 

the spot blotting and obtain a better quality of the array.  

The Open chip microarray is composed of ten-spot-strings printed for each capturing 

agent 3 times. The Open chip algorithm limits printing of up to eight different capturing agents 
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per slide due to the dimensions of the substrate slide. To prevent cross-contamination of distinct 

microarrayed samples for the Open chip, the intermediate washing step was performed between 

different samples loading. In turn, the MAC chip microarray represents a string of 50 spots 

with a spot-to-spot distance of 500 µm. Once the coverslips were microarrayed, they were 

stored in a sealed container at 4°C before use. 

 

Figure 33 The microarray design of different capturing agents (CA1, CA2 , …, CAn) for a) Open chip b) 

MAC chip 

3.2.2.3 Aligning and storing 

The two components, PDMS design and microarrayed passivated slide, were 

subsequently aligned to manufacture the ready-to-use MAC or Open chips. The alignment 

procedure was performed under the inverted microscope (Nikon, Japan) using a custom-built 

alignment rig (Figure 34). During this process the position of the analysis chambers were 

adjusted to ensure the microarrayed spots were placed in the centre. The PDMS piece was 

translated in x,y,z dimensions and rotated in x-y plane by manipulating tuning screws of the 

alignment rig. Prior to the alignment, the PDMS underwent a plasma treatment to obtain a more 

robust bond between the glass slide and the polymer providing the device with strengthen 

integrity and minimising the chance for its delamination during the experiment. It is possible 
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to reuse the PDMS structure after the experiment by separating it from the substrate and 

cleaning it as described before.  

 

Figure 34 The custom-built alignment rig to assemble microarrayed glass slides and PDMS design for MAC 

chip fabrication. The adjustment screws allow to control and tune the position of the PDMS piece before it 

contacts the planar substrate 

3.2.3 Devices filling and cell handling 

3.2.3.1 Samples analysed with the Open chip 

The Open chip was used to analyse the performance of different sensing and detecting 

reagents with recombinant protein solutions at 102-107 molecules/nL or a whole cellular lysate.  

The 3-well format of this platform allowed simultaneous measuring of signal from three 

different samples. Although the samples loaded into the wells varied depending on the purpose, 

Figure 35 exemplifies one of the experiments performed for the study.  
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Figure 35 Example of the Open chip utilization: first two wells loaded with the samples containing analyte 

+ detecting agents (D1 or D2) whereas the third well was used to measure the non-specific binding with a 

background (BG) solution.  

The control or background solution was prepared diluting the fluorescently tagged 

antibody, either D1 (Anti-Foxo3 antibody EPR1949Y, Alexa Fluor 647) or D2 (FKHRL1 

Antibody D-12, Alexa Fluor 488, Santa Cruz), to 106 molecules/nL in a sterile 4% pBSA 

solution. To obtain the sterile 4% pBSA solution, 0.2g of BSA were dissolved in 5mL of 

Phosphate Buffered Saline (PBS, Dubelcco’s Corning) followed by the subsequent solution 

purification using 0.45 µm pore size filter. 

The solutions of recombinant protein at 102-107 molecules/nL were prepared from 0.26 

mg/mLFOXO3 recombinant protein (MRC PPU Reagents and Services, University of Dundee) 

by serial dilution in a background solution.  

The cellular lysates were generated using Sandwich ELISA lysis buffer (1X) 

(PathScan®, 7018S, Cell Signalling Technology, UK) from 70% confluent H1975 cells 

(adenocarcinoma, non-small cell lung cancer) cultured at normal conditions (described below). 

The cellular extracts were obtained following the manufacturer’s protocol. The active lysing 

component in the current lysis buffer is 1% Triton which ruptures (solubilises) cellular 

membranes while preserving the retrieved protein in its native structure and conformation.  
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3.2.3.2 Samples analysed with the MAC chip 

3.2.3.2.1 Background and standards solutions 

The background and recombinant protein at 102-107 molecules/nL were produced with 

secondary antibody D1 at 106 or 107 molecules/nL. The sample preparation is identical to those 

used for the Open chip analysis.  

3.2.3.2.2 Cell culturing and handling for analysis 

The experiments were carried out using a human lung cancer cell line (H1975), breast 

adenocarcinoma (MCF7) and B cell lymphoma (Toledo). The H1975 and Toledo cells were 

cultured at 37°C and 5% CO2 in RPMI-1640 Medium (RPMI, Gibco, UK) with the addition of 

10% Foetal Bovine Serum (FBS, PAA, UK) whereas the MCF7 were grown in 10% FBS 

supplemented DMEM (Dulbecco's Modified Eagle's Medium, Gibco, UK) at the same 

culturing conditions. Prior to the analysis, the cells were incubated in 6 mL of medium for ~48 

hours to reach about 70% confluency. Shortly before the experiment the cells were detached 

from the culture flask using 0.5 mL of Accutase (PAA, UK) and diluted up to 5 mL with media. 

1mL of cell suspension was immediately transferred into Eppendorf and centrifuged at 300rcf 

for 5min. The cellular pellet was resuspended in 50µL of secondary antibody solution at 106 or 

107 molecules/nL. The solution was subsequently loaded into the main channel of the 

microfluidic platform to perform the experiment and collect the data. 

3.2.3.3 Readout and data acquisition 

The assay readout was performed by total internal reflection microscopy (TIRFM) with 

an electron-multiplied CCD camera (IXON DU-897E, Andor Technologies, Ireland). The 

fluorescent molecules were excited by a solid state cw laser (MBL-473-200, Laser 2000, UK) 

at [λ=473 or 651nm]. The optical set-up is displayed in Figure 36.  
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Figure 36 The experimental set-up configuration shows the coupling of the optical peripherals to the TIRF 

microscope to manipulate and perform readout of a sample. Taken from 114 

The fluorescence of single molecules at the capture spot was imaged before lysis, for 

background signal quantification, and during 2 hours post-lysis, to directly measure protein 

content in single cells. Images were either taken in time series, to observe the signal increase 

over a certain period of time, or in single time-points upon the system reached equilibrium. 

The collected raw data represented a sequence of single molecule fluorescence images that 

were taken from the printed antibody spots. The data acquisition was followed by the image 

processing and single molecules counting with the FIJI/ImageJ software. 

3.3 Results and Discussions 

The search for a matched reagents pair with selectivity and sensitivity high enough to 

measure FOXO3 protein in single cells was initially conducted using the Open chip platform. 

In the preliminary study the performance of 5 capturing agents (Listed in Table 2 CA1-CA5) 

and 2 detection antibodies (D1, D2) was tested using recombinant protein or cellular lysate. 

The detection antibody concentration was kept at 106 molecules/nL and microarrays of 



91 

 

different capturing agent were printed with SSC/betaine buffer at rh=40-55%. The assays 

readouts were performed for recombinant protein at 102, 103 and 107 molecules/nL. The best 

matched pairs were selected based on the microspot morphology, background signal and the 

single molecule counts obtained after the background (blank sample signal) subtraction. The 

Open chip data was generated from at least two separate experimental runs.  

3.3.1 Capturing agents’ spots morphology analysis 

The capturing agents’ spots were first examined under brightfield illumination to 

characterise the printed microarray spot morphology. The spot shape, size and form (hydrogel, 

crystallised form and etc.) serves as a preliminary indicator for the agent’s performance and 

also reveals the suitability of chosen printing conditions. The ideal capturing agents’ spots were 

expected to have a circular shape, fit the field of view of EMCCD camera (512×512 px) and 

have an even distribution with no defects or discontinuities.  

The Table 3 shows an average area and circularity of at least 15 spots for each tested 

capturing agent. All immunospots except for CA4 were found to fit the setup field of view 

limits indicating the suitability of the chosen printing materials, methods and conditions. The 

spots generated with CA4 had a stretched morphology and size larger than the camera’s field 

of view which inevitably led to a loss of information upon single molecule counting. To obtain 

a microarray with smaller spot dimensions for CA4, the printing humidity was further reduced 

to 40%; however, this endeavour to diminish the spot size was found to be not sufficiently 

efficient (data not shown). The reason for the CA4 to produce microarrays of specific 

morphology might find its explanation in the antibody composition (Table 3). 

It was observed that spots of highest circularity were obtained with CA1 and CA5 

resulting in 0.85±0.05 for both. The CA2 and CA3 yielded spots with approximately the same 

area but noticeably different circularity.  
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Table 3 The physical parameters of the microarrayed spots for different capturing agents 

Capturing 

agent 

Image of the 

spots 

Measurements 

Area ± SD Circularity ± SD 

CA1 

 

3.5×103±0.3×103 0.85±0.05 

CA2 

 

5.1×103±1.1×103 0.80±0.08 

CA3 

 

5.6×103±0.4×103 0.68±0.15 

CA4 

 

NA* NA* 

CA5 

 

6.4×103±1.5×103 0.85±0.05 

* NA the measurements of CA4 spots were impossible to acquire due to the area exceeding the field of view 

3.3.2 Background analysis 

The assay background measurement is a crucial indicator of its sensitivity, signal-to-

noise and LOD determination. Low signal-to-noise ratio is frequently a limiting factor for 

microarray sensitivity in a single molecule regime. It is likely for the true single molecule signal 

to be lost in the high noise of non-specific binding and therefore, the ideal assay has to have a 

low background level. 

The signal from blank samples was compared between the tested assay systems on the 

Open chip platform, Table 4. The TIRF readout of the background solution under 647nm 

illumination showed in general a lower signal than the one obtained under 488nm, meaning 

that there is less non-specific interaction with D1 than with D2 for the tested capturing agents. 

Most of the tested immunosorbents with D1 yielded a signal of <100 binding events; the 

background fluorescence of the CA4 with D1, however, showed the highest non-specific signal 

comparing with other candidates. The main source of the background signal for the Open chip 
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set of experiments was considered to originate from either a non-specific interaction between 

the detection and sensing agents or autofluorescence of the immobilised capture agents. 

Table 4 The mean background signal with standard deviation for 10 spots of each tested capturing agent 

(CA1-CA5) with detection agents (D1 and D2) in Open chip experiments 

Capturing 

agent 

Average background signal, binding 

events number 

D1 D2 

CA1 10±8 82±74 

CA2 72±15 752±74 

CA3 67±9 79±10 

CA4 251±46 74±64 

CA5 36±12 42±29 

 

3.3.3 Assays performance comparison using FOXO3 recombinant protein 

The screening of different capturing agents CA1-CA5 with detection antibodies D1-D2 

was implemented to identify the best matched sandwich pair of agents for “pulled-down” 

FOXO3 protein evaluation. The performance of 10 different pairs was compared on the basis 

of single molecule signal above background at FOXO3 recombinant protein concentration of 

102, 103, 107 molecules per nL.  

The data (Figure 37 a) reveals that CA2 and CA3 outperformed all the other capturing 

candidates in yielding the highest single molecule signal above background at recombinant 

protein concentration of 107 molecules/nL with the D1 detection antibody; resulting in mean 

single molecule count of 2×106±2×105 and 9×105 ±5×104, respectively. The binding signal of 

CA1, CA4 and CA5 with D1 was found to be lower by 3 orders of magnitude than the fore-

mentioned antibodies (at recombinant protein concentration of 107 molecules/nL). Despite 

having a good spot morphology and low background signal, the CA5 demonstrated relatively 

poor antigen pull-down efficiency even at high analyte concentration yielding readings of only 

~2.5×103 single molecules. The best performing agents, CA1-CA3, were further selected to 

assess their sensitivity in an Open chip assembly by decreasing the recombinant protein 
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concentration to 103 and 102 molecules/nL. As it was expected, the CA2 and CA3, resulting in 

prominently higher single molecule count, demonstrated higher sensitivity and affinity to the 

analyte than CA1.  

The performance of CA1-CA5 capturing agents with D2 detection antibody was 

observed to result generally in a lower single molecule count than D1, Figure 37 b. 

The Figure 37 c exhibits the raw data of CA1-CA5 capturing agents upon 2 hrs of 

incubation with the analyte at 107 molecules/nL. The images of immunosorbents demonstrate 

the bound antigen distribution within the microspots which can be directly correlated with 

active binding sites allocation within the spot. Since the best performing antibodies CA2 and 

CA3, showed an even distribution of fluorescence within the spot, the performance of 

microarray was therefore implied to be heavily conditioned by the homogeneity of the primary 

agent allocation within the immunospot. The data suggests that visibly uneven distribution of 

the active binding sites within the CA5 resulted in a lower FOXO3 protein recovery because 

the bound antigen accumulation was mostly observed in the spot center showing low 

fluorescence on the spot edges. The peculiar CA5 spreading pattern within the micropatch 

could be a resultant of either antibody composition or a not optimised printing buffer. 
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Figure 37 a) Mean single molecule counts of recovered FOXO3 recombinant protein by CA1-CA5 

capturing agents with D1 detection antibody b) The comparison of FOXO3 mean single molecule count 

between different capturing/detection agents pairs, whiskers correspond to standard deviation of the signal 

between different spots c) The active sites distribution within microspots with D1 and D2 at recombinant 

concentration 107 molecules/nL 

3.3.4 Single cell analysis using MAC chip 

The best performing antibody pairs (CA2/D1 and CA3/D1), having selected based on 

the results of the Open chip experiments, were further tested on the MAC chip to determine 
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the FOXO3 expression in single cells of different cell lines. Two separate repeat MAC chip 

experiments with CA2/D1 were conducted with MCF7, H1975 and Toledo cell lines under 

normal culture conditions. The CA3/D1 MAC chip assay was implemented on MCF7 cell line 

only. Also, multiple chambers were left empty to observe if photobleaching has an effect on 

loss of single molecule content as it is usually a problem for time-lapse fluorescence 

microscopy.  

The Figure 38 shows a poor performance for both pairs of antibodies. The insignificant 

difference in signal was observed between chambers with and without cells. Surprisingly, the 

CA2, resulting in high single molecule count for the Open chip experiments, showed a 

negligible or no signal increase post cellular lysis (Figure 38 a, b and c). In contrast, a small 

fluorescence increase was registered for the CA3 (Figure 38 d) despite its evidently lower 

sensitivity observed in the set Open chip experiments with the recombinant protein. However, 

due to the insignificant binding signal, the selected antibody pairs, CA2/D1 and CA3/D1, were 

found not promising as a potential system for FOXO3 expression evaluation in single cells.  
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Figure 38 a) FOXO3 single molecule count for MCF7 single cells by CA2/D1 system b) FOXO3 single 

molecule count for H1975 single cells by CA2/D1 system c) FOXO3 single molecule count for Toledo single 

cells by CA2/D1 system d) FOXO3 single molecule count for MCF7 single cells by CA3/D1 system 

3.3.5 Open chip experiments with cellular lysate 

The single cell analyses using MAC chip produced unforeseen results suggesting 

insufficient sensitivity of the tested assays in the single molecule regime despite the successful 

performance demonstrated at a low standard concentration with the Open chip. Also, the MAC 

chip data unexpectedly demonstrated a higher signal for CA3 comparing to CA2 what 

contradicts the results generated with recombinant protein on the Open chip platform. This 

experimental outcome required re-testing of the agents again using the Open chip platform but 

with the cellular lysate instead.   
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The Open Chip experiments were conducted with H1975 cellular lysate to screen the 

performance of CA2-CA5 in combination with D1-D2, Figure 39a. All the tested primary 

antibodies resulted again in the single molecule count to be prominently higher using D1 than 

D2 which might be explained by a lower affinity of the latter towards the FOXO3 transcription 

factor. Thus, the D1 antibody was selected for further experiments. 

Interestingly, regardless the high sensitivity the CA2 demonstrated in the recombinant 

protein experiments, it failed to bind the FOXO3 transcription factor in cellular extracts as 

efficiently. Such a marked distinction in single molecule count between different analyte 

samples could be explained by the conformational discrepancy between the proteins of 

different origin. Hence, it is believed that FOXO3 of human origin (like H1975 cell line) has a 

different native structure than the FOXO3 recombinant protein generated in E. coli bacteria. 

The antibody dysfunction in a cellular lysate environment was presumably due to a steric 

hindrance resulting in unfavourable conformation for ligand-receptor interactions precluding 

the epitope recognition and sensing by the CA2. Since the objective of this project was to 

measure the protein level in human cells, the CA2 was dismissed as a potential candidate for 

single cell analysis. 

The CA3 was observed to yield a considerable signal above the background; however, 

the MAC chip experimental runs using CA3/D1 assay showed a low number of single 

molecules inferring that the antibody was not sensitive enough for the single cell application. 

The prominent single molecule count in bulk lysates for CA3 was, nevertheless, observed 

because the extract was produced from a bulk solution containing thousands of cells which 

upon the lysis release the protein into media giving the concentration sufficient to overcome 

the assay’s limit of detection.   

The signal obtained from CA4/D1 assay was noticed to be comparable with CA3/D1, 

however, the background fluorescence was observed to be roughly 15x higher and the spots 

were of stretched morphology not fitting the field of view (Figure 39b). Thus, the obtained 

results imposed to neglect the CA4 as a potential agent for the single cell analysis. 
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Figure 39 a) Testing of capturing antibodies performance with detection antibodies D1 and D2 for FOXO3 

protein pull down from H1975 cell lysate b) TIRF images of different capturing agents spots with D1 and 

D2 after cellular lysate addition 

3.3.6 Finding the reason for the failure to develop the FOXO3 assay   

A meagre choice of commercially available reagents for FOXO3 protein analysis and 

unsuccessful endeavour to establish a well-operating assay system necessitated to scrutinise 

the substrate chemistry, printing buffer and antibody composition.  

3.3.6.1 Microarrayed agents’ composition influence 

As it is seen from Table 2, both CA4 and CA5 stock solutions contain 50% of glycerol. 

This excipient is frequently added to biomaterials as a cryo- or lyo-preservative to extend the 

product shelf life. The literature provides rather contradictory conclusions about the effect of 

glycerol on a microarray fabrication. While some sources display a positive influence of 

glycerol on the print due to its hygroscopic properties115–117, others report evidence of signal 

decrease39. To check this excipient influence on the microarray quality for our system, the 
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glycerol containing antibodies, namely CA4 and CA5, were diluted with printing buffer in a 

ratio of 1:1-1:3 to obtain final concentration of the hygroscopic additive in the print to be 25-

12.5%. The diluted capturing agents were tested with D1 and D2 for H975 cellular lysate 

analysis.  

The Figure 39a illustrates an upward trend for single molecule count as the CA4 

antibody is further diluted. The CA4/D1 combination yielded the signal increase by 

approximately 30% as the capturing antibody/printing buffer ratio was reduced from 1:1 to 1:2 

resulting in average of 940±88 and 1204±140 molecules, respectively. The capture dilution 

produced even more pronounced signal boost with D2 yielding mean signal of 135±133 

molecules for 1:1 ratio and 1179±88 molecules for 1:2 ratio. Additionally, the CA4 dilution 

led to the spot size shrinking and nearly 2-fold background decrease (data not shown). The 

Figure 40 demonstrates the glycerol effect on the spot morphology and IgG molecules 

distribution within the microspot. As can be observed, the CA4 spots at 1:1 and 1:2 ratios 

exhibit a stretched or smeared morphology with dimensions larger than the camera’s field of 

view. The extended area of the microspots at higher glycerol concentrations was presumed to 

occur due to the excipient effect on the balance between cohesive and adhesive forces affecting 

the surface tension of the droplets’ interface and leading to a higher wettability and lower 

contact angle118. Also, the data assumes that glycerol affects the behaviour of the capturing 

agents’ adsorption by surface tension depression which, in turn, hinders the favourable 

molecular orientation for analyte binding. Additionally, the experimental results from 

Fainerman et al have suggested the dependence of surfactant molecules orientation on the 

interfacial pressure 118. 
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Figure 40 a) The CA4 microspot morphology at different antibody/printing buffer ratios (glycerol content 

25%, 16.5% and 12.5%, respectively) b) The TIRF images of the spots taken after 10 min of the cellular 

lysate addition 

Since glycerol constitutes the CA4 biggest fraction, it was thus hypothesised that the 

antibody dilution and consequently glycerol content reduction in the print facilitates a smaller 

spots production with an improved morphology and a uniform deposition of biomaterial. It was 

also speculated that the spot size affects signal-to-noise ratio yielding a higher background 

signal for larger spots due to the bigger area exposure to the source of potential non-specific 

interactions. Moreover, the spots stretched beyond the instrument’s field of view resulted in 

bound single molecule under-counting and misleading signal generation due to infeasibility to 

acquire and further analyse the missing information. 

Surprisingly, the CA5 dilution resulted in a considerably more intense signal for the 

analysed cellular lysate which accounted for 2584±166 and 905±102 molecules for D1 and D2, 

respectively. The dilution effect of CA5 is clearly visible in Figure 37 c and Figure 39 b. It was 

observed that active sites distribution within the CA5 spot was no longer confined in the spot’s 

centre but rather allocated somewhat evenly throughout the whole area. 

3.3.6.2 Effect of capturing agents’ dilution in MAC chip platform 

The interesting finding in the experiments with antibody dilution suggested a negative 

impact of glycerol on the microarrayed antibody performance. To provide evidence for this 

assumption, a series of MAC chip experiments were carried with CA5.   
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The CA5/D1 performance was assessed analysing H1975 single cells on the MAC chip 

at antibody/buffer ratio of 1:2 and 1:3. As expected, the single molecule count was observed to 

grow as the antibody fraction in the printing solution decreased, Figure 41a. The positive shift 

in the mean single molecule count was noted for CA5/buffer at dilution of 1:3 in comparison 

with 1:2 ratio.  

To eliminate crowding effect or other additives as a possible reason for the analyte binding 

signal improve, the customised glycerol free CA5 was obtained from the manufacturer. The 

effect of the additive on the microimmunoassay for single cell analysis was subsequently 

investigated comparing the single molecule count between CA5 with different glycerol 

concentrations in the print: CA5 no glycerol, CA5+5% glycerol and CA5+15% glycerol. What 

can be clearly seen in the Figure 41b is that the glycerol content increase led to a linear fit of 

the analyte binding signal which was found to be consistent with the previous observations. It 

can be concluded that in our microfluidic platform glycerol prevented IgG molecules 

adsorption to the substrate surface presumably due to surface tension decrease.   

Figure 41 a) H1975 single cell analysis on the MAC chip platform using different CA5 dilutions with D1 

antibody b) Mean binding signal of CA5 with no, 5% and 15% of glycerol for H1975 single cell analysis on 

the MAC chip platform, the whiskers represent a standard error between different chambers 

3.3.6.3 Printing buffers comparison 

The microarray print buffers are directly related to the printed agents’ performance 

determining the likelihood of reliable data obtaining and analysis. However, due to unknown 

formulation of most commercially available buffers the impact of some additives is yet to be 
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determined. Also, many vendors optimised the buffers for a limited and particular number of 

surface chemistries 39.   

Two printing buffers were tested with CA5 and CA8 antibodies (Table 2) to optimise 

the system and inspect its impact on the analyte binding signal from single cells. The previous 

trials carried in our group demonstrated two printing buffers, ArrayIt and 3×SSC/1.5M betaine, 

to be the most suitable candidates for our microfluidic platform 119. ArrayIt is a commercial 

buffering system containing a proprietary mixture of ionic and polymeric materials, solvents, 

viscosity enhancers, and buffering components that stabilises and protects protein samples 

during the printing procedure. The ArrayIt produces crystallised microspots promoting protein 

coupling to the substrate and better immobilisation for the functional protein119. On the other 

hand, 3xSSC/1.5M betaine solution is an in-house prepared buffer which facilitates effective 

reduction of uncontrolled evaporation by forming a microarray of hydrogel spots120. The 

solution evaporation cessation or retardation is a critical factor in the spotting process because 

it is frequently a cause for an antibody bioactivity impairment and structural damage. The 

uncontrollable evaporation elicits a rapid solute concentration, ionic strength and pH shifts 

which might finally deteriorate the antibody performance115. Additionally, it was reported for 

the evaporation to be a primary reason of inter- and intraspot variations 115. 

The tested buffers were compared in terms of spot morphology, inter- and intra-spot 

variation, background and analyte binding signals. The Figure 42 displays the spots’ 

morphology and size for both ArrayIt and 3xSSC/1.5M betaine.  

Figure 42 The spot morphology comparison for ArrayIt and 3×SSC/1.5M betaine print buffers for a) CA5 

and b) CA8 
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The crystallised microspots were found to be almost 1.6-fold bigger than the drops 

obtained with 3xSSC/1.5M betaine. As it was mentioned earlier the extended antibody-coated 

surface led to undesirable increase in non-specific binding and as a consequence, ArrayIt 

background was observed to yield roughly two-fold greater signal than it was for hydrogel 

spots (Table 5). To improve signal-to-noise ratio, the coated area decrease could be suggested; 

however, it might also lead to the binding signal fall. Alternatively, the immunospot surface 

diminishment with corresponding decrease of instrument’s field of view might result in signal-

to-noise ratio rise36. 

Table 5 The mean of background and analyte binding signal for CA5 and CA8 using ArrayIt and 

3xSSC/1.5M betaine buffers 

 Background signal FOXO3 single molecule count above 

background 

ArrayIt 3xSSC/1.5M betaine ArrayIt 3xSSC/1.5M 

betaine 

CA5 311±80.9 208±68.8 430±196.1 445±165.2 

CA8 579±183.2 338±55.2 267±257.9 285±205.1 

 

The dimensions of ArrayIt spots resulted in inter- and intra-spot variation of 7.7% and 8.5% 

whereas hydrogel spots produced 6.2% and 5.9%, respectively. Thus, the microspots printed 

with ArrayIt were found to vary more between the spots of the same batch as well as between 

batches.  

Figure 43 The comparison of FOXO3 expression in H1975 cells using a) CA5 and b) CA8 microarrays produced with 

two print buffers, ArrayIt and 3×SSC/1.5M betaine 
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The Figure 43 indicates the effect of both print buffers on the performance of the CA5 

and CA8 with D1 in H1975 single cells. It can be surmised that the tested print buffers, 

regardless of the divergence in their composition, affect similarly the efficiency of the primary 

antibodies manifesting no prominent difference in mean binding signal of FOXO3 protein. 

Despite the results featured insignificant difference in the protein single molecule counts 

between the microarrays produced with ArrayIt and 3×SSC/1.5M betaine, we opted for an in-

house printing solution because it enabled a fabrication of smaller spots and therefore, 

produced a lower background signal and facilitated an easier spots alignment with PDMS 

design. 

3.3.6.4 Effect of detection antibody concentration 

Each 1.25nL (190×190μm) analysis chamber in the MAC chip device accommodates 

1-2 ×106 molecules of detection antibody at a concentration of 106 molecules/nL. However, for 

the samples with an overexpressed protein of interest this amount of fluorescent antibody might 

be insufficient. To counteract this problem, the number of available antibody molecules to bind 

the analyte must be elevated. Since the detection agent’s concentration increase leads to a 

considerable antibody proportion to remain in excess, the level of non-specific binding is also 

expected to grow.  

The effect of D1 concentration rise was monitored with CA5 capture for the H1975 

single cell analysis. Two separate experimental runs were carried for each D1 concentration - 

106 and 107 molecules/nL. The data shows that the mean single molecule count at a greater 

detection antibody concentration yields a twofold signal increase in comparison with the more 

dilute D1 sample (Figure 44); notwithstanding, the background was revealed to stay almost 

identical for both D1 concentrations. This observation was interpreted as the evidently higher 

affinity of D1 to the FOXO3 and hence, it is more favourable for the antibody to interact 

specifically with the antigen than non-specifically. It was hypothesised that the elevation of 

detection agent concentration produced more antibody/antigen duplexes which in turn led to a 

higher single molecule readout due to a greater labelled fraction on the antibody spot (in the 

form of trimolecular complexes). 
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Figure 44 FOXO3 expression in H1975 single cells with CA5 1:3 ratio at D1 concentrations of 106 and 107 molecules/nL 

3.3.6.5 The effect of immobilised antibody biotinylation on the assay performance 

As it was shown before in the experiments with glycerol-containing antibodies, 

capturing agents’ fixation on the functionalised substrates is a crucial element that determines 

the likelihood of the miniaturised assay to perform efficiently. To further refine immobilisation 

of the active sites within the microspot, the protein biotinylation effect was investigated. Biotin-

labelling of proteins is an extensively exploited technique for immobilisation on the avidin 

functionalised surfaces because of the biotin’s strong non-covalent interaction with avidin-like 

derivatives.  

Although the CA5 and CA8 reliably detected FOXO3 in H1975 cells, the CA6 and CA7 

were additionally tested as a more sensitive alternatives to the fore-mentioned antibodies. 

Hence, the CA6 and CA7 (Table 2) were in-house biotinylated following the supplier’s 

protocol and their performance was compared with unmodified equivalents on the MAC chip 

with H1975 single cells using D1 at 107 molecules/nL. It should be noted that CA6 contains 

50% of glycerol (Table 2) and therefore, the effect of glycerol dilution along with biotinylation 
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was tested. The single molecule signal was compared between biotinylated CA6/buffer diluted 

at 1:1-1:2 ratios and unmodified CA6/buffer at 1:2 ratio.  

The single molecule count indicates an apparent signal difference between the tagged 

antibodies and their not-modified counterparts for CA6 and CA7, Figure 45.  Both 

biotinylated antibodies resulted in nearly 5 times signal augmentation for mean FOXO3 single 

molecule count. Intriguingly, despite its high glycerol content, the biotin-CA6/buffer at 1:1 

ratio yielded signal higher than the same antibody at 1:2 printing ratio, Figure 45a. The signal 

of CA6/buffer at 1:1 dilution accounted for about a 30% increment in comparison to modified 

CA6/buffer at 1:2 ratio. Such an outcome might be explained by a higher antibody 

concentration in the print and consequently more active sites immobilised on the surface to 

bind the analyte. Additionally, this observation assumes that the immunosorbent 

immobilisation is attainable even for the glycerol containing agents which undoubtedly 

simplifies the search for a suitable candidate to establish a miniaturised immunoassay. 

Although the CA6 biotinylation procedure improved the assay sensitivity, the microspot shape, 

which can be characterised as not homogeneous and stretched, remained unaffected due to the 

high glycerol content. Also, it is noteworthy that the CA7 demonstrated a better performance 

than CA6 presumably because of its higher affinity/sensitivity. As the biotinylated CA7 yielded 

the highest FOXO3 signal in single cells, it was selected for further experiments. 

Figure 45 Biotinylation effect on the a) CA6 and b) CA7 performance for H1975 single cell analysis on 

MAC chip 

3.3.7 Calibration curve with CA7/D1 assay 

The calibration curve was established using the best performing CA7/D1 antibody 

system in 190×190 chambers with 2.5μg/mL (or 107 molecules/nL) of detection antibody using 

a) b) 
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FOXO3 recombinant protein, Figure 46. Ekins defined sensitivity as the precision of zero dose 

measurement what is essentially equivalent to lower limit of detection. The sensitivity depends 

on the error (imprecision) in the measurement of the response variable 36. The assay limit of 

detection was calculated according to Armbruster121 and found to be 433 molecules bound to 

the spot. The number of protein molecules present in the analysis chamber can be determined 

by extrapolation from the single molecule signal giving 14839 molecules. 

 

Figure 46 FOXO3 protein calibration curve for CA7/D1 assay 

3.4 Conclusion 

The current chapter described FOXO3 assay development for the MAC chip platform 

to quantify FOXO3 protein expression in the single cell regime. As a preliminary step of assay 

elaboration, the screening of several candidates was executed using an Open chip device and 

FOXO3 recombinant protein. The best matching pairs, CA2/D1 and CA3/D1, were 

subsequently tested in the MAC chip for the biomarker detection in single cells of different cell 

lines. However, the attempts to retrieve FOXO3 from single cell lysates with these antibody 

pairs were unsuccessful probably due to the insufficient sensitivity and affinity of the primary 

antibodies. The outcome of these experiments added consideration of whether the recombinant 

protein accurately represents its wild-type analogue. 
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The unrealised FOXO3 assay establishment necessitated to scrutinise the 

immunosorbents’ stock buffer composition which revealed the very undesirable effect of 

glycerol on the microarray performance. It was hypothesised that glycerol precluded capturing 

agents’ fixation on the substrate’s surface leading to a major fraction of the available binding 

sites to be washed away during the MAC chip filling procedure. The reduction of the additive 

concentration or its complete removal resulted in a single molecule count elevation for both 

glycerol-containing antibodies, CA4 and CA5. Moreover, glycerol content decrease in CA4 

facilitated production of smaller spots with improved morphology. This observation is 

supposedly due to increase of surface tension in the microarrayed droplet.   

Furthermore, immobilisation of capture agents was enhanced through a biotinylation 

process. The biotin-labelled antibodies yielded signal higher than their unmodified 

counterparts. Also, biotinylation of antibody CA6 resulted in considerable increase of single 

molecule count regardless the immunosorbent’s high glycerol content. 

The experiments to evaluate an effect of two print buffers on the microarray 

performance showed no significant difference in the mean single molecule count. The 

preference was, nevertheless, given to a hydrogel forming 3×SSC/1.5M betaine print buffer 

because it yielded spots of a smaller area which, in turn, diminished background signal and 

facilitated an easier spots alignment with PDMS design. 

The concentration of developing antibody was shown to have a significant influence on 

the single molecule count generating a higher signal for the system with the increased detection 

agent concentration. 

The best performing MAC chip single cell assay was observed to be glycerol free, 

biotinylated CA7/D1which reliably detected FOXO3 expression in the H1975 cell line.  
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Chapter 4. The MAC assay validation and 

FOXO3 protein quantification in single cells 
4.1 Aim of the study 

This study demonstrates the importance of human cell analysis on the individual basis. The 

single cell regime analysis enables investigation of inter- and intracellular heterogeneity which 

could revealing cellular subpopulations potentiate the novel drug discovery.  

This chapter also details the previously tested MAC chip FOXO3 assay validation in 

different cell lines. The drug perturbation experiments were implemented to compare the 

treatment effect on the FOXO1 and FOXO3 isoforms expression in human model cell lines.  

Some epidemiological studies pursue objectives that require analysis of chemically 

derived lysates like for example evaluation of total protein of interest content. Therefore, the 

MAC chip FOXO3 assay was also employed to explore the effect of chemical lysis on the 

protein extraction from single cells. The successful coupling of chemical lysis with the platform 

can potentially broaden the spectra of the MAC chip applications diversity allowing too 

evaluate FOXO3 expression in different states. It is believed that the ability to alternate 

between the lysis modes enables evaluation of different protein parameters that assist in 

understanding the protein regulation within the individual cell. Current research is mainly 

focused on gaining insight into the functions of FOXO3 proteins at a single cell level, which 

will hopefully reveal the missing information in understanding the biology of lung cancer, 

asthma and COPD. 

4.2 FOXOs regulation 

FOXO proteins are regulated by a wide range of external stimuli, such as insulin, insulin-

like growth factor (IGF-1), other growth factors, neurotrophins, nutrients, cytokines and 

oxidative stress stimuli100. FOXO transcriptional activity is tightly controlled by multiple 

mechanisms which include posttranslational modifications including phosphorylation, 

acetylation, ubiquitination and possibly others. The modifications can promote nuclear import 

or export, change the DNA binding affinity, and alter the pattern of transcriptional activity for 

specific target. 



111 

 

4.2.1 Phosphorylation 

Phosphorylation of FOXO transcription factors modulate levels of the proteins in the 

nucleus by their shuttling, activation and inhibition. 

FOXO proteins undergo a negative regulation through the PI3K pathway in response to 

insulin, insulin-like growth factors, growth factors and neurotrophic factors. Insulin mediates 

the activity of insulin receptor tyrosine kinase (IR) which, in turn, recruits and further 

phosphorylates receptor substrates such as IRS family proteins. Tyrosine phosphorylated IRS 

is then linked to signaling partners like PI3K. The latter initiates an intercellular signal 

transduction through a cascade of phosphorylation events. The PI3K ‘s primary role is to 

escalate the levels of phosphatidylinositol (4, 5)-bisphosphate (PIP2) and subsequently 

phosphorylate it to form phosphatidylinositol (3, 4, 5)-trisphosphate (PIP3). These lipids further 

recruit Akt to the plasma membrane and activate it via phosphorylation. The active Akt 

translocates to the nucleus and triggers downstream signalling. Akt inhibits FOXOs by 

phosphorylating at three conserved residues 107,122. Once the first site is modified, the 

phosphorylation rate of the following amino acids is executed at a higher rate most likely as a 

result of a the protein conformation change induced by the initial phosphorylation step 100. 

Wang et al. has reported that the alteration in FOXO binding ability to DNA is mainly 

conditioned by Akt phosphorylation of the second site (Ser256 for FOXO1 and Ser253 for 

FOXO3) which introduces a negative charge in the positively charged DBD 123 resulting in 

steric and electrostatic repulsion. In contrast, Brent et al. has shown that Akt-mediated 

phosphorylation of FOXOs has no effect on DNA binding activity and affinity 124. The 

phosphorylation of the proteins increases association with the 14-3-3 family of proteins which 

results in formation of a FOXO/14-3-3 complex. The protein complex is then subjected to 

cytoplasmic localisation, thus blocking its transcriptional activity.107,122 SGK and PDK1 act in 

a similar fashion, phosphorylating FOXOs which are then subjected to the nuclear export 

through a mediation of binding to protein partners and changing the physico-chemical 

properties of the FKH domain 100,125. The phosphorylation of FOXOs by growth factor-

activated protein kinases such as casein kinase 1 leads to interaction with export machinery 

and Ran and Exportin/Crm1, which mechanism involves extracellular signal-regulated kinase, 

IkB kinase beta, and cyclin-dependent kinase 2. 
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The protein kinases responsible for FOXOs activation via phosphorylation, are JNK, p38, 

AMPK, cyclin-dependent kinase 1, and macrophage stimulating 1. AMPK is activated by a 

high AMP to ATP ratio in response to nutrient deprivation, which in turn instigates a further 

kinase-induced phosphorylation of several substrates, including FOXOs. In the absence of 

growth factors, the AMPK-mediated activation of FOXOs occurs despite their subcellular 

localisation. It was speculated that AMPK activation of FOXO3 transcriptional activity might 

differ from FOXO1. In contrast, the JNK-mediated FOXO activation is conducted through an 

insulin pathway inhibition by negatively affecting IRS activity, resulting in FOXO/14-3-3 

complex disintegration107.  

4.2.2 Acetylation 

Acetylation of FOXO proteins has been reported to govern both activation and inhibition 

of transcriptional activity. The acetylation-mediated inhibition of the proteins results in DNA 

binding affinity decrease and protein modification. Additionally, these changes result in the 

FOXO substrate becoming more favourable for further Akt-induced phosphorylation, leading 

to a negative regulation of the transcription factor. The FOXOs are typically acetylated on 

several Lys residues. Although the acetylation mechanism remains to be elucidated, 

immunoprecipitation analysis has shown that CREB binding protein (CBP) and its paralogue 

p300 acetylate lysine residues of FOXOs attenuating DNA binding activity 126. Consistent with 

this finding, it was established that FOXO3 interacts with the DNA phosphate groups via 

lysines in the FKH domain 101. In contrast, Perrot and Rechler showed that p300 activates 

partially the FOXO1 transcriptional potency via acetylation127. Also, Perrot et al. has reported 

that p300 acetylation promotes FOXO-induced transactivation in the absence of insulin127.  

Similar to acetylation, it is a matter of debate whether deacetylation of FOXO proteins 

activates or suppresses the transcriptional activity. Daitoku et al. have demonstrated that sirtuin 

family enzymes (SIRT 1, SIRT2, SIRT3) potentiate FOXO transactivation function through its 

deacetylase activity128. In contrast, Motta et al. have reported the SIR2 ortholog, SIRT1, has a 

repressive effect on the ability of FOXO1, FOXO3 and FOXO4 to activate transcription129.  

4.2.3 Ubiquitylation 

Ubiquitylation plays an important role in both the activation and degradation of the FOXO 

protein. In response to insulin and serum growth factors, the protein is ubiquitilated and 
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degraded via the ubiquitination-proteasome pathway. The covalent attachment of a ubiquitin 

molecule to the proteins is implemented after the target protein is recognised through 

previously phosphorylated side chains. The ubiquitin-proteasome system sequentially recruits 

three enzymes for further modification of substrates: ubiquitin-activating enzyme (E1), 

ubiquitin-conjugating enzyme (UBC, E2) and ubiquitin ligase (E3). MDM2 and KP2, priming 

and branching E3 ubiquitin ligases respectively, regulate FOXO by mono- or 

polyubiquitylation. The monoubiquitylated FOXO is activated and transferred from the 

cytoplasm to the nucleus where it can be subsequently polyubiquitylated by MDM2 or SKP2 

and subjected to degradation. Ubiquitylation and acetylation are competitive processes because 

both PTMs have been observed to occur on Lys residues. 

In contrast to ubiquitylation, deubiquitylation removes ubiquitin molecules from the side 

chains. The ubiquitin moiety elimination is carried out through a deubiquitylating enzyme 

called herpesvirus-associated ubiquitin-specific protease (HAUSP/USP7)130,131. It has been 

determined that both monoubiquitylation and deubiquitylation are induced by oxidative 

stress131. The study of kinetics for the aforementioned processes revealed that the 

monoubiquitylation occurs faster than the counteracting process after hydrogen peroxide 

treatment. Monoubiquitylation has been found to increase within 5 min compared to USP7 

binding at approximately 15 min131. The deubiquitylation process delay is thought to be due to 

oxidative stress having no effect on the USP7 activity, affecting only monoubiquitylation 

which in turn initiates deubiquitylation. The deubiquitylation process has been defined as a 

FOXO inhibiting process because deubiquitylation of monoubiquitylated protein leads to 

cytoplasmic translocation131. 

4.3 Methods and Materials 

4.3.1 Cell culturing and handling 

The H1975 and Toledo cell lines were cultured as previously described (3.2.3.2.2 section). 

The MDA-MB-231 is a metastatic breast cancer cell line that was incubated in DMEM media 

supplemented with 10% FBS. The culture was incubated at 37°C with 5% CO2. The 70% 

confluent cells were detached from the flask and centrifuged at 300×g for 5 min. The pellet 

was subsequently resuspended in FOXO1 or FOXO3 detection antibody solution (described 

before). 
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4.3.2 FOXO modulation with ZSTK474 

Class I PI3K kinases play an important role in different processes directly or indirectly 

regulating the function of downstream proteins. Disruption of PI3K activities has been 

implicated in different diseases like inflammation and cancer 132. The drug has been tested in 

vivo against a human cancer xenongraft exhibiting a potent antitumor activity 132. Orally 

administered ZSTK474 strongly inhibited proliferation of tumour cells by arresting the cell 

cycle at G1 phase. ZSTK474 (2-(2-difluoromethylbenzimidazol-1-yl)-4,6-dimorpholino-1,3,5-

triazine) is a s-triazine derivative that specifically inhibits PI3K activity 133. It has been 

suggested that ZSTK474 competes with the ATP for the ATP-binding pocket of PI3K, 

inhibiting phosphorylation of downstream signaling molecules like Akt. The Akt activity is in 

turn directly associated with FOXOs level and function 132,133. 

The ZSTK474 was obtained from Cell Signaling, UK. The drug was dissolved in DMSO 

(Sigma Aldrich Corp, UK) to a stock concentration of 10 mM, aliquoted and stored at -20˚C. 

In the current study, the effect of PI3K inhibitor was tested on the H1975 and Toledo cell lines. 

The cells, cultured at normal conditions as previously described, were treated with the 

ZSTK474 supplemented media at a concentration of 10μM. The cells were incubated with the 

agent for 2 or 15 hr. For the control, the cells were treated with 0.1% DMSO for 2 or 15 hr. 

Following the incubation, the cells were immediately collected and transferred for the MAC 

chip analysis to observe the treatment effect on the transcription factors FOXO1 and FOXO3.  

4.3.3 HOECHST staining 

Depending on the FOXO activation state, the transcription factor might be retained either 

in nucleus or cytoplasm of a cell. To verify the protein release from both subcellular 

compartments, the cell nucleus was stained with HOECHST (ThermoFischer, UK), which 

enabled monitoring of the optical lysis efficiency on cell nuclei.  

The staining procedure was implemented as described by manufacturer. The H1975 

cultured at normal conditions were incubated with 1µg/mL HOECHST for 10 min at ambient 

temperature followed by PBS washes. The cells were then harvested and analysed for FOXO3 

expression on a MAC chip platform. 
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4.3.4 Chemical lysis 

The chemical lysis of H1975 was implemented on-chip following the optical trapping 

process. The RIPA Lysis Buffer, 10X (20-188, Millipore UK) was purchased to perform lysis. 

The methods and protocols to undertake chemical lysis are further described in 4.4.3 section. 

4.3.5 Analysis platforms 

The FOXO1 and FOXO3 analyses were performed using MAC platforms with a 4.5nL 

(300× 300 μm) and 1.25nL (190×190μm) analysis chamber volume, respectively. The single 

cell experiments were performed as described in Chapter 3.  

Two assays were employed to analyse the total and active FOXO1 levels. The capture and 

detection agents used for FOXO3 and FOXO1 quantification are denoted in Table 6. 

Table 6 The exploited reagents for the FOXO1 and FOXO3 assays 

Assay Capturing agent Detection agent 

Active 

FOXO1 

CA12 (Eurogentech, UK) D3 (Anti-FOXO1 antibody, 

EP927Y, Alexa Fluor® 647, 

AbCAM, UK) 

Total 

FOXO1 

CA13 (anti-FOXO1 antibody, 

S266B, MRC PPU, University 

of Dundee, UK) 

D3 (Anti-FOXO1 antibody, 

EP927Y, Alexa Fluor® 647, 

AbCAM, UK) 

FOXO3 CA5 D1 

FOXO3 CA7 D1 

FOXO3 CA8 D1 

 

4.4 Results 

4.4.1 Different cell lines analysis with the CA7/D1 

The established CA7/D1 assay was employed to measure the FOXO3 level in different 

cell lines using the MAC chip platform. The presented results were obtained from H1975, 

Toledo and MDA-MB-231 cell lines from at least two repeats.  

The H1975, Toledo, MDA-MB-231 cell lines, sourced from different tissues, were found 

to express distinct levels of FOXO3 (Figure 47). The difference of biomarker level in the tested 

human cell lines represent a heterogeneous distribution of FOXO3 protein in different tissues 
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of the human body. It was noticed that among the analysed cell lines, the H1975 lung cancer 

cells express the highest FOXO3 protein quantity resulting in around 1400±350 single 

molecules. The breast cancer and B-lymphoma cell lines, MDA-MB-231 and Toledo, were 

found to contain less protein than H1975 by roughly 23% and 61%, respectively.  

Additionally, the Figure 47 demonstrates the difference in FOXO3 protein expression 

between as well as within cell types. The protein content variation between single cells of the 

same population indicates asynchrony in bioprocesses and cellular heterogeneity despite the 

fact that the cells were cultured and processed at identical conditions. The observed deviation 

in protein copy number might be due to the nonparallel manner in which cells enter the cell 

cycle phases, dissimilar response to pathogen or environment, or transiting multiple dynamic 

paths simultaneously (cell undergoes cell cycle transition while additionally adapting to the 

environmental change and adjusting its response to the pathogen presence).  

The exhibited data suggests that the MAC chip could be effectively utilized to study 

intrinsic and extrinsic cellular noise in different human tissues. 

 

Figure 47 The FOXO3 expression measured from single cells of different cell lines. The square represents 

mean and, line-median, box 25 and 75 percentile, whiskers 1×standard deviation 
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4.4.2 Drug perturbation experiments with H1975  

The drug perturbation experiments were performed to investigate the response of H1975 

in terms of FOXO1 and FOXO3 proteins expression. Both biomarkers are considered to play 

an important role in COPD and lung cancer development. Although FOXO1 and FOXO3 

control different functions and bioprocesses, the proteins have a similar regulatory pathway.  

To date, there has been no literature elucidating the ZSTK474 drug effect on the FOXO1 

and FOXO3 level in the non-small cell lung carcinoma (NSCLC) cells, H1975 at a single cell 

level. To gain an insight into the proteins function in these cells, the total/active FOXO1 and 

FOXO3 level was measured upon ZSTK474 treatment and compared with the control. 

ZSTK474 is a pan-isoform PI3K inhibitor that was expected to modulate the FOXO1 and 

FOXO3 transcription factors levels through the PI3K/Akt pathway. The cellular response was 

analysed after 2 and 15 hrs of treatment with either 10µM ZSTK474 or 0.1% DMSO. The 

active and total FOXO1 expression was quantified on the MAC chip platform using CA12/D3 

and CA13/D3 assays, respectively. The FOXO3, in turn, was analysed in H1975 with CA5/D1 

and CA8/D1 matched pairs in H1975 cells. 

The activation of PI3K is known to indirectly repress the FOXO proteins and therefore, 

the drug was anticipated to increase the FOXOs level in the cells. However, the opposite trend 

was observed in the ZSTK474 treated cells. The PI3K inhibition was found to reduce the 

FOXO1(both total and active) and FOXO3 content in H1975 cells. Figure 48a-c demonstrates 

a sharp signal decrease for all of the proteins relative to the control after 2 hours of treatment, 

with signal restoration being observed after 15 hours of treatment. The negative shift in the 

signal following 2 hours of drug incubation is particularly prominent for the FOXO3 protein, 

with which the mean binding signal observed to be below the CA8/D1 assay detection limit, 

Figure 48 c. To test whether the obtained trend was associated with a possible fault of the assay 

itself, the experiment was repeated for 2 hrs drugging using CA5/D1 system. Figure 48d depicts 

the results obtained with CA5/D1 assay in which the same trend was noted for the FOXO3 

transcription factor level. The results do not agree with the findings of other studies. Link et al. 

showed that U2-OS cells exhibit an increase in the FOXO3 levels and a drop in p-FOXO3 

levels upon a PI3K inhibition by ETP-7382 drug 134. Additionally, it was reported that PI-103, 

a multi-targeted PI3K inhibitor, activated the FOXO3 protein in the neuroblastoma cell lines 

SY5Y and SKNBE(2c)135. However, Stamatkin et al. revealed that non-small lung carcinoma 
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cell lines (inc. H1975 cell line) are not sensitive to the isoform selective PI3K inhibitors, 

suggesting alternative pathways or isoforms mutual compensation as a possible explanation for 

the observed Akt activation. Also, his group has demonstrated that ZSTK474-induced 

inhibition of PI3K pathway instigates only a transient cell cycle arrest in H1975 but not cell 

apoptosis. Thus, it was speculated that the possible reason for the observed result is the unique 

H1975 intracellular response to the drug perturbation. Additionally, the current method 

exploited an optics-based lysis to shear cellular membranes and hence, the alternative 

hypothesis for the abnormal results with the drugged H1975 was proposed to be inability of 

the lysis laser to break the cellular nuclei, leaving its content unreleased and encapsulated 

within this subcellular compartment.  

  

Figure 48 The H1975 response to the 2 and 15 hrs-long drug treatment was measured at a single cell level 

on the basis of a) total and b) active FOXO1 expression. Additionally, the FOXO3 expression upon drug 

incubation was compared with control (0.1% DMSO) using c) CA8/D1 and d) CA5/D1 assays 

a) b) 

c) d) 
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4.4.2.1 Optical lysis efficiency testing 

As previously mentioned, ZSTK474, fosters indirect FOXO3 transcription factor 

activation. The FOXO3 protein can be distributed in either nucleus or cytoplasm of a cell. Once 

in the active form, the protein is normally translocated from the cytoplasm to the nucleus. Thus, 

it was hypothesised that the negative shift in FOXO3 in the drugged cells might be due 

incomplete nuclear lysis when using optical methods, leading to a fraction of the FOXO3 

protein remaining trapped in the nucleus. To monitor the efficiency of optical lysis on the 

nucleus, the H1975 cells were stained with HOECHST. Figure 49 demonstrates pre- and post-

lysis images of the cells clearly indicating their complete lysis as no intact nucleus was detected 

after an optical cell breakdown. Although complete lysis was achieved in 100% of cases, the 

medium sized nucleus remnants were observed to be scattered around the chamber. This 

residual nuclear debris might contain a fraction of the bound protein of interest. This 

experiment implies that the optical lysis is unlikely to be the cause for the observed protein 

concentration reduction in the drugged H1975 with the PI3K inhibitor. Thus, the drug induced 

FOXO3 decrease was thought to be related to the unique response of the tested cell line to the 

drug. 
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Figure 49 A-E the HOECHST stained H1975 cell pre-lysis imaged under epifluorescence a-e The Post-lysis 

image of the corresponding cell. The optical lysis performs a complete cellular lysis without remaining 

nuclei intact in 100% cases 

4.4.2.2 The response uniqueness hypothesis testing 

To test whether the drug perturbation results were associated with the unique H1975 drug 

response, the Toledo cell line was selected to investigate the ZSTK474 effect on the FOXO1 

and FOXO3 transcription factor levels. The active FOXO1 signal following 2-hour-treatment 

with either the control or drug were compared using the CA12/D3 assay. Additionally, the 

FOXO3 isoform level was measured with CA7/D1 system in drugged and control Toledo cells. 
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As it is seen on Figure 50a, the active FOXO1 copy number is higher in Toledo cells treated 

with the PI3K-inhibitor for 2 hrs. On average, a 3-fold difference was observed in active 

FOXO1 expression between two cell populations. Moreover, the experiments to estimate the 

FOXO3 expression in drugged cells revealed a similar trend when comparing ZSTK474 effect 

against the control group, Figure 50b. The FOXO3 content was found to be roughly 35% less 

in control cells in contrast to the ones incubated with the inhibitor. Similar results were also 

reported in literature with other cell lines. Additionally, our research group has tested the 

ZSTK474 effect on the active FOXO1 expression in cardiac fibroblast cells, where the PI3K 

pathway inhibition led to the biomarker level increase. Thus, the collected data suggests that 

the observed anomaly in H1975 response to ZSTK474 is an unusual response associated with 

this particular cell line that may be caused by the mutations or abnormality in underlying 

biochemical processes.  
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Figure 50 a) Active FOXO1 and b) FOXO3 content measured in Toledo single cells upon 2 hrs of treatment 

with 10 μM ZSTK474 and 0.1% DMSO. Both biomarkers level, FOXO1 and FOXO3, increased in cells 

drugged with the PI3K inhibitor in relation to the control 

4.4.3 Chemical lysis methods testing 

The experiments with HOECHST staining revealed that the optical lysis was sufficiently 

effective in releasing the cellular content encapsulated within the membrane as well as the 

nucleus. The complete lysis was achieved in 100% of cases and the cellular residuals were 

dispersed around the chamber. It is a possibility that this cellular debris could contain a fraction 

of clustered or bound protein of interest impeding the analyte’s epitope to be effectively sensed 

and detected by the assay system. The effect of chemical lysis was therefore explored in order 

to observe whether it affects the FOXO3 single molecule count in single cells.  
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The RIPA lysis buffer was chosen to conduct the chemical lysis of the trapped single cells 

because it is a widely exploited solution that is capable of rapidly and effectively solubilising 

proteins from adherent and suspension mammalian cells 136. The lysis buffer ensures the protein 

retrieval from cytoplasm, nucleus and membrane 137. The immunoprecipitation studies showed 

that RIPA is compatible with antibodies because it does not cause protein degradation, 

impairment of immunoreactivity and biological activity 136. Due to this property, RIPA buffer 

is extensively employed in immunoprecipitation and molecular pull-down assays including 

protein assays, immunoassays and protein purification 137. Additionally, the lysis buffer has 

been reported to reduce non-specific binding which is facilitated by the mixture of salts and 

detergents it contains136. Low background noise enables the measurement of analyte signal at 

a low concentration. However, the buffer was found to be an unsuitable candidate for the 

protein-protein interaction study because it breaks protein complexes, failing to preserve a bond 

between analyte and its co-binding partner 137.   

To investigate whether the lysis method has an effect on the FOXO3 single molecule count, 

the signal obtained via optical or chemical lysis of individually trapped H1975 cells was 

compared. Although the MAC platform was empirically proven to hold a suitable design for 

effective laser-induced lysis, the on-chip chemical lysis process required elaboration of a 

protocol to adapt it to the features of the microfluidic device. Since the MAC chip is not 

equipped with an extra channel to supply lysis buffer directly to the analysis chambers, the 

only option to deliver the RIPA was through the main channel of the structure. However, due 

to the sample loading into the chip, the main channel contained thousands of cells (Figure 51).  
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Figure 51 a) The MAC chip prior the lysis contains a considerable number of cells in the main channel. The 

chemical lysis buffer introduction (shown with the blue arrow) can only be implemented through the main 

channel which inevitably leads to the unwanted cells lysis. The dashed rectangle shows part of the chip 

zoomed in b) where the cellular lysate diffusion from the main channel into the analysis chambers interferes 

the single cell interrogation. The arrow represents the direction of unwanted lysate diffusion 

Hence, the direct lysis buffer perfusion through this channel would cause unwanted cell 

lysis which content can diffuse into the analysis chambers. This would in turn prevent single 

cell protein analysis. To avoid this, the on-chip chemical lysis of the single cells could only be 

performed following cell removal from the main channel. Different strategies to implement 

chemical lysis on the MAC chip platform were therefore tested to select the optimal one (  
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Table 7). The criteria for the ideal method were the following: 

1. The applied method would efficiently lyse the trapped cells 

2. Protein pulldown post-lysis should only be from the lysed cells in the chamber and not 

from any unwanted protein diffusion from the main channel  

3. Applicable to different cell lines 

4. The method would be easy to implement and not be time-consuming 
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Table 7 The protocols for chemical lysis methods 

 Washing procedures and chemical lysis 

Method 1 1. Main channel wash with background solution at 5 µL/min  

2. Air embolism 

3. Main channel wash with background solution at 10 µL/min  

4. Air embolism 

5. 10µL of RIPA lysis buffer perfusion at 10 µL/min 

6. 10 min incubation with RIPA 

7. Main channel wash with background solution at 10 µL/min  

Method 2 1. Main channel wash with background solution at 5 µL/min  

2. Air embolism 

3. Accutase introduction to the main channel and 5 min incubation  

4. Air embolism 

5. Main channel wash with background solution at 5 µL/min  

6. 20µL of RIPA lysis buffer perfusion at 10 µL/min 

7. 3 min incubation with RIPA 

8. Main channel wash with the background solution at 10 µL/min 

Method 3 1. Main channel wash with background solution at 5 µL/min  

2. Air embolism 

3. 20µL of RIPA lysis buffer perfusion at 30 µL/min 

4. Main channel wash with the background solution at 10 µL/min  

5. 3 min incubation with RIPA 

6. Main channel wash with the background solution at 10 µL/min 

 

The protocol for each listed method could be basically subdivided into three procedures: 

1. main channel wash 2. Single cell lysis with RIPA 3. replenishment of the detection antibody. 

The washing procedure was aimed predominantly at reducing the number of cells in the main 

channel before the lysis buffer introduction. The initial attempts to establish a chemical lysis 

protocol were accompanied by a failure to significantly diminish the unwanted cells left in the 

main. This is because the H1975 are adherent cells that tend to stick to the surface of the chip 
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after a relatively short time of trapping (30-45 min) despite the BSA coating. The cellular count 

in the sample was therefore decreased in order to aid cell removal and thus minimize any 

FOXO3 signal being attributed to protein diffusion from the main channel. These preliminary 

amendments served as a ground for the development of the methods described in   
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Table 7. Figure 52a demonstrates the FOXO3 protein recovery from single H1975 cells by 

using different lysis methods. A significant signal increase was noted for all the chemical lysis 

methods tested when compared with an optical approach. 

Although Method 1 produced a higher FOXO3 signal than optical lysis, the method had 

its downside. To decrease the number of cells in the main channel, an air embolism/background 

solution perfusion was performed. However, this approach was found to be inefficient in cell 

removal from the main channel. This is likely due to cell line adhesiveness to the glass surface. 

Additionally, the repeated introduction of an air pocket into the chip caused air bubbles to get 

into the chambers pushing the fluid from the main channel to the chambers and dislocating the 

trapped cells from the trapped positions. However, it was observed that continual perfusion of 

RIPA buffer through the channel successfully removed the stuck cells from the channel to the 

outlet. Once the channel was free of cells, the RIPA was incubated for 10 min to allow the 

solution to diffuse into the chambers and lyse the single cells. The incubation time selected was 

found to be too long as the cells were already observed to start lysing after 3 min of incubation. 

From Figure 53b it is clear that there is no considerable difference between some chambers 

with and without cells. Unexpectedly, the signal for some empty chambers was nearly as high 

as it is for single cells which implied the bulk lysate diffusion from the main channel during 

the procedure. Thus, additional steps were necessary before incubating with RIPA lysis buffer. 

Similar to Method 1, Method 2 employed an air embolism strategy which was additionally 

combined with Accutase to improve the washing procedure outcome. Despite the extensive 

application of the Accutase solution in cell culturing to detach cells, this approach 

unfortunately resulted in a considerable number of cells to remain in the channel. However, 

applying a continual flow of RIPA buffer through the main channel did lead to eventual 

removal of the excess cells from the chip, which is consistent with the previous observation. 

Reducing the lysis time to 3 min was again observed to be sufficient to perform a complete 

lysis of the trapped cells. Additionally, the method diverged by introducing a background 

solution before the RIPA buffer, which facilitated cell removal from the chip. The signal from 

chambers devoid of cells was detected to be much lower than for single cells and it fluctuated 

roughly within the same diapason as for the optical lysis, Figure 53a and c.  
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Figure 52 a) The FOXO3 signal comparison from H1975 single cells lysed optically or chemically (Method 

1-3) b) raw data images collected after thermodynamic equilibrium establishment representing the FOXO3 

retrieval capacity from H1975 by different methods 

Method 3 was aimed at eliminating some of the drawbacks encountered during the 

implementation of Method 1 and Method 2 such as the introduction of air into the chambers. 

Although the air was eventually dislodged from the main channel through the introduction of 

lysis buffer or background solution, the bubbles downstream of the analysis chambers remained 

trapped. It is thought that this phenomenon occurred due to the characteristic design of the 

MAC chip that was intended to prevent or prolong diffusion of biomaterial into the analysis 

chambers. Due to the structure of the microfluidic device, the flow of solution from the main 

channel into the analysis chambers is slow if no external stimuli are applied. Thus, once the 

void had formed, gradual filling was observed to occur throughout the entire imaging and 

incubation duration. This process caused the lysates from the analysis chambers to be drawn 

towards the void, leading to a drop in the analyte concentration and reduction in the detected 

FOXO3 number. In Method 3, the attempted cells removal via repeated cycle of air embolism 

was abandoned in favour of an additional washing step involving RIPA buffer. The buffer was 

withdrawn at a higher flow rate in order to aid rapid removal of cellular components to the 

chip’s outlet. The lysis buffer was immediately replaced by a background solution which 

prevented diffusion of the main channel’s lysate into the chambers and helped to further 

remove and dilute any residuals left there. The signal was revealed to differ roughly 5 times 

between empty and chambers with single cells (Figure 53d) showing that the method can be 
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robustly applied for the single cell analysis on the MAC chip. Also, the method resulted in the 

highest FOXO3 copy number yield compared to other chemical lysis protocols which might be 

explained by the absence of air trapped within the capillaries and analysis chambers that would 

otherwise cause a drop in the protein concentration following cell lysis.  

A positive shift in the FOXO3 single molecule count was detected upon using chemical 

lysis instead of optical lysis. Although it remains unclear what exactly underpins this 

observation, the FOXO3 interaction with co-partners was speculated to cause a dramatic 

decrease in the biomarker recovery using optical lysis. Unlike chemical lysis, the optical 

cellular breakdown preserves protein complexes with co-binding partners which presumably 

hinder analyte’s epitopes and detection by the assay. In contrast, RIPA lysis buffer facilitated 

protein complex dissociation, liberating the FOXO3 from its co-binding partner and 

consequently allowing more protein to be pulled down. It was, therefore, hypothesized that 

chemical lysis reveals the total FOXO3 copy number content in a single cell whilst the FOXO3 

single molecule count obtained with optical lysis represents its unbound level in a single cell. 

Additionally, the empty chambers displayed a signal of unknown source, which was 

calculated to be above the background signal. This is believed to originate from either non-

specific interaction, a small proportion of the protein diffusing from the main channel or a 

counting algorithm error. In response to this, the average signal of empty chambers was used 

to correct the detected single molecule count for the biomarker in single cells. 
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Figure 53 The signal comparison between empty and chambers with single H1975 cells for different lysis 

methods: a) Optical lysis, b) Chemical lysis Method 1 c) Chemical lysis Method 2 d) Chemical lysis Method 

3 

4.4.3.1 Incubation time determination for chemical lysis 

Additionally, the FOXO3 binding kinetics was investigated by imaging the signal 

throughout the incubation time from optically or chemically- derived lysates. The chemical 

lysis was implemented using Method 3. The TIRF readout was performed at three time points 

during the incubation process: right after lysis (0 min), 60 min post-lysis and 120 min after 

lysis. The time-lapse data from optically and chemically lysed H1975 was collected and 

analysed to estimate whether the system achieved equilibrium upon the 2-hr-incubation, with 

the binding kinetics of FOXO3 extracted by using different lysis methods being compared. As 

indicated earlier, FOXO3 pulldown via chemical lysis resulted in a single molecule count that 

was markedly higher than via optical lysis even at very early incubation time points. Thus, 
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direct comparison of single molecule counts between the lysis methods at each timepoint would 

not accurately represent the binding kinetics. Instead, the signal obtained after 2 h of incubation 

was nominally set to 100% to calculate the percentage of the signal at earlier incubation time 

points. Figure 55 demonstrates the dynamics of a normalized average FOXO3 protein signal 

during incubation for optical and chemical lysis methods.  

As expected, the FOXO3 signal obtained from both lysis methods followed the Michaelis-

Menten model. It was, however, noted that the FOXO3 signal percentage immediately after 

lysis (at 0 min) was evidently higher for optical cellular breakdown. This observation might be 

due to the laser pulse used which leads to the propagation of a cavitation bubble promoting 

lysates mixing and scattering throughout the analysis chamber (Figure 54 A). This is likely to 

decrease the diffusion time. In contrast, chemical lysis operates by disrupting the cellular 

membrane structures, releasing protein content into the chamber in a more controlled fashion 

than optical lysis therefore increasing the time of protein diffusion towards the immobilised 

antibody (Figure 54 B). Also, the signal percentage variation between cells at the initial 

incubation stages was found to be evidently higher for optical lysis than for chemical lysis. The 

variation phenomenon could possibly be explained by a relative synchronism of exploited lysis 

methods. The chemical lysis was performed concurrently for all trapped single cells within 3 

min whereas optical lysis was implemented asynchronously, lysing the cells one-by-one and 

thus causing a time lag between the first lysed cell and the last one. The additional contributor 

to the signal variation was believed to be random scattering of cell debris throughout the 

analysis chamber. It was noticed that in some chambers the single cell residuals were more 

dispersed within the volume than in others, which could potentially be a source of variation as 

well (Figure 54 A). 
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Figure 54 Schematic of the two different lysis approaches: A) Optical and B) Chemical lysis. The diagram 

represents asynchronism of the optical lysis for the trapped cells. Upon laser lysis, the cellular remnants of 

different size are randomly scattered around the chamber. The chemical lysis occurs in a more 

synchronised way breaking down simultaneously all the trapped cells  

From Figure 55, it is clear that nearly 100% of the signal was attained for both methods 

after just an hour of incubation, with the signal reaching a plateau two hours’ post-lysis. Since 

the signal was detected to be mostly stable after 1+ hr, the 2 hrs incubation period was found 

to be sufficient to reach a thermodynamic equilibrium between the antibodies and antigen. Also, 

the dramatic decrease in signal variation between single cells for both lysis methods was 

observed as the incubation progressed which could also serve to indicate the proximity of the 

thermodynamic equilibrium achievement.  
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Figure 55 Average signal increase from single cell lysates during the incubation time of two hours for 

optically and chemically lysed cells. Whiskers are standard errors  

4.4.3.2 Optically and chemically derived single cell lysates analysis for FOXO3 

expression  

The FOXO3 content in previously analysed model cell lines (Toledo, MDA-MB-231, 

H1975) was also extracted via chemical lysis to investigate the effect of lysis method on the 

biomarker level in different cell lines. Since Method 3 was identified as the most robust and 

reliable protocol, it was subsequently employed to determine the FOXO3 levels from the 

aforementioned cell lines. The results obtained from two individual experiments were further 

compared with the FOXO3 copy number detected after optical lysis.  

The Figure 56 demonstrates the FOXO3 single molecule count in the tested cell lines 

applying optical and chemical lysis. The FOXO3 single molecule count was observed to be 

considerably higher in samples obtained with chemical lysis. The increase in extracted 

biomarker number for chemical lysis in relation to optical breakdown was found to be in range 

of 1.9 -3.2 times depending on the cell type. The observed cell type effect on the ratio of free 

and total protein level might indicate a different role of FOXO3 transcription factor in 
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regulation of biological processes in different tissues of human organism. Assuming the total 

and unbound FOXO3 levels could be measured using chemical and optical lysis respectively, 

the evidence suggests that a significant fraction of the protein in all the analysed cells is in a 

bound form. The amount of protein in the bound form could, therefore, be interpolated knowing 

total and free protein levels. Thus, the average copy number of the bound FOXO3 protein was 

calculated to be roughly 1170±767, 1136±516, 1381±531 in Toledo, H1975 and MDA-MB-

231, respectively. 

The obtained results demonstrated that depending on the purpose of the study, the MAC 

chip can be effectively exploited to directly measure either total or unbound FOXO3 protein 

abundance in single cells. This method enables biomarker measurement in different forms 

without the need for expensive reagents that specifically target only a part of known protein 

interaction partners.  
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Figure 56 The FOXO3 protein signal in different cell lines obtained with optical or chemical lysis. The 

whiskers are 1× standard deviation, squares are the means, boxes represent 25 and 75 percentiles 
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4.4.4 Calibration curve with chemical lysis buffer addition 

Due to the prominent effect of the chemical lysis buffer on FOXO3 protein extraction from 

single cells, a set of experiments using CA7/D1 assay were carried out with recombinant 

FOXO3 protein solution supplemented with the lysis buffer, Figure 57. 

. The standard solutions at the protein concentrations of 0-107 molecules/nL were mixed 

with 1×RIPA and loaded into the MAC chips to investigate the effect of buffer addition on the 

calibration curve. The standard curves obtained with and without lysis solution were compared 

on the basis of FOXO3 signal abundance. Intriguingly, the assay’s sensitivity was found to be 

enhanced when 1×RIPA was included into the standards’ solutions. The observation might be 

explained by the protein aggregates dissociation. Protein aggregation in aqueous solution is a 

widely reported problem that occurs due to the unstable protein forming multimeric assemblies. 

It was hypothesised that the lysis buffer stimulates the dissociation of protein aggregates, 

preventing obstruction of the epitope and as a result leading to a higher assay sensitivity. 

The assays limit of detection for the new calibration curve was calculated according to 

Armbruster et al121, which was found to be 249 molecules bound to the spot. The number of 

protein molecules present in the analysis chamber can be determined by extrapolation from the 

single molecule signal, giving 1185 molecules of FOXO3. 
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Figure 57 Comparison of two FOXO3 calibration curves obtained with and without 1×RIPA lysis buffer 

addition. 

4.5 Conclusion 

The FOXO3 MAC chip assay was employed to measure the biomarker level in different 

cell lines. The obtained results showed the protein expression to differ both within and between 

cell populations. This data suggest that MAC chip is a suitable tool for study of inter- and intra- 

cellular heterogeneity because it enables detection of analytes in single cells.  

Additionally, the study delivered the results produced from the drug perturbation 

experiments. Initially, the ZSTK474, a PI3K inhibitor, effect was analysed on the active and 

total FOXO1, and FOXO3 proteins in H1975. Surprisingly, the biomarker level was observed 

to decrease after the cells incubation with the drug. The unexpected outcome of the analysis 

could be due to the chosen cell lines unique response to the drug or incomplete cellular lysis. 

It has been reported that the activated FOXOs are translocated from cellular cytoplasm to 

nucleus. Therefore, if the lysis procedure leaves the nucleus intact then a considerable fraction 

of proteins remains trapped in the nucleus. This would thwart the assays ability to sense and 

detect the encapsulated analyte. To rule out optical lysis as an interfering factor, the H1975 

cells were stained with HOECHST, enabling observation of the nucleus integrity both pre- and 
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post-lysis. However, the HOECHST staining revealed that the cell undergoes a complete 

breakdown including nucleus with optical lysis.  

Since the hypothesis of incomplete lysis was dismissed as a potential cause for the FOXOs 

drop in drugged H1975, alternative cell lines were used in order to test whether the same 

response would be seen. Therefore, the Toledo cell line was employed to repeat the drug 

perturbation experiments. As expected, the data demonstrated the active FOXO1 and FOXO3 

levels increase after the 2 hr treatment period with ZSTK474. The response of H1975 to the 

drug was therefore considered to be a unique attribute of this cell line. Also, the literature has 

shown that NSLC cells are immune to the PI3K inhibitors by possible activation of alternative 

pathways of FOXOs regulation.  

It was noticed that the optically lysed cells generate biological debris being scattered 

around the chamber. This debris was speculated to retain the protein trapped in the biological 

matrix in the bound form. It is believed that the epitopes of bound FOXO3 might presumably 

be hindered from the detection system. As a result of system being unable to sense and 

recognise the obstructed epitopes, the detection of FOXO3 single molecules is limited to only 

identifying those that are liberated from complexes. However, a lysis method which can induce 

decomposition of protein-protein complexes enables the total FOXO3 biomarker level to be 

evaluated. Therefore, the RIPA lysis buffers effect on the FOXO3 retrieval was investigated as 

an alternative strategy to optical lysis. To adapt chemical lysis to the microfluidic device, its 

structural idiosyncrasies should be considered. Thus, different chemical lysis protocols were 

tested to select the most suitable one yielding the highest S/N ratio.  

Once determined, the developed method was subsequently employed to extract the protein 

from different cell lines. A comparison of FOXO3 signal from single cells was conducted 

between optical and chemical lysis. Intriguingly, the single molecule count was observed to be 

higher for chemically ruptured cells than for optical lysis. The difference might be attributed 

to the fact that RIPA buffer promotes protein complexes dissociation, which results in the 

release of the epitope from the biomarker’s co-binding partner. The obtained data suggests that 

the MAC chip can be successfully used to measure free or total FOXO3 protein in single cells 

by using optical or chemical lysis, respectively. It is important to mention that the quantitative 

information on the biomarker levels in different states could be obtained without purchasing 

expensive reagents.  
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The experiments with recombinant protein showed that the addition of RIPA buffer to the 

standard solution improved the assay’s sensitivity. The comparison of the FOXO3 signal with 

or without RIPA demonstrated a difference, which might be due to the unstable nature of the 

recombinant protein in aqueous environments. Having a propensity to form aggregates, the 

FOXO3 transcription factor is believed to be dissociated from clusters in the presence of 1x 

RIPA, leading to the higher signal detection of the analyte. 
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Chapter 5. Measuring of FOXOs expression 

in clinical samples 
5.1 The aim of the study 

COPD and number of other chronic respiratory diseases are associated with acute 

inflammation and imbalanced immune response which leads to lung tissue damage and 

progressive reduction of pulmonary function. Because they are affected by various 

environmental stimuli, lung cells, including epithelial and immune cells, undergo pernicious 

changes138. The accumulation of corrupted cells combined with a dysregulated immune system 

leads to accelerated ageing or senescence of the whole organism139. The FOXO proteins are 

presumably involved in bioprocesses that play a vital role in COPD development 140,141 and 

therefore, they are believed to reveal the missing information on disease pathogenesis and 

treatment. The immunohistochemical staining of peripheral lung tissues has demonstrated that 

FOXO proteins are underexpressed in epithelial and immune cells of COPD patients 140,141. To 

date, the FOXOs expression evaluation has only been implemented on whole lysates extracted 

from the lung tissue, lavages or sputum cells providing only an averaged estimate of the protein 

content in bulk samples. The research outlined here presents for the first time the data of 

FOXO1 and FOXO3 content in single cells from clinically relevant samples that were analysed 

on a MAC chip device.  

The current study looked into the expression of two senescence biosensors, FOXO1 and 

FOXO3, in epithelial and CD3+ T cells from sputum samples of both healthy and COPD+ 

individuals. Additionally, nasal samples from the healthy control group were analysed for 

FOXO3 protein only via combining nasosorption and MAC chip tools. A major hurdle in 

clinical epidemiological studies is to gather appropriate biospecimens in sufficient amount for 

analysis. The non-invasive NASAM tool has previously been applied in analysis of 

inflammatory mediators in nasal secretions to study respiratory diseases such as asthma, RSV, 

bronchiolitis. Several cytokines have shown correspondence in levels between nose and 

bronchi following the stimuli exposure. Nasal epithelial cells have been, furthermore, validated 

as a surrogate for bronchial epithelial cells to measure physiological response to stimuli 

138,142,143. Also, there is a hypothesis that senescence from COPD can spread to other organs 30. 

Therefore, it is hoped that nasal samples will be able to distinguish between healthy and COPD 

volunteers using markers already validated in sputum.  
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To sum up, this study pursued the following objectives: 

⚫ Is there a difference in FOXOs expression in cells from the lower respiratory tract 

(sputum) between the healthy and COPD+ individuals? 

⚫ To determine the cellular profile distribution in the sputum of the healthy and ill 

donors 

⚫ To develop a protocol for nasosorption-MAC chip analysis of biomarkers 

expression in single cells from nasal mucosal lining fluid  

⚫ To establish the healthy baseline level for FOXO3 protein levels in epithelial and 

CD3+ T cells 

⚫ To compare FOXOs expression in single cells between the upper (nasal) and 

lower (sputum) respiratory tract 

5.2 Overview of Chronic Obstructive Pulmonary Disease 

According to the British Lung Foundation, Chronic Obstructive Pulmonary Disease or 

COPD is the second most common disease of the lungs in the UK,144 predominantly affecting 

persons older than 45 years. It has also been predicted to be the third leading cause of death 

worldwide in 2020 after heart disease and stroke145. COPD is a complex and heterogeneous 

disease that caused 5.3% of the total number of UK deaths in 2012144.   

The WHO in collaboration with the US National Institutes of Health launched a Global 

Initiative for Chronic Obstructive Lung Disease (GOLD) to develop a ‘Global Strategy for the 

Diagnosis, Management and Prevention of COPD’146. GOLD has defined COPD as “a common, 

preventable and treatable disease that is characterized by persistent respiratory symptoms and 

airflow limitation that is due to airway and/or alveolar abnormalities usually caused by 

significant exposure to noxious particles or gases”145. 

5.2.1 Causes of COPD 

Although the disease is yet of unknown aetiology, the causative or risk factors can be 

classified into host factors and environmental exposures. 
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5.2.1.1 Host factors 

This group of risks include genetic factors, gender, atopy and airway hyperresponsiveness 

and nutrition and lung growth. 

It has been reported that complex genetic-environment factors may be involved in 

susceptibility to COPD. One of the best documented genetic risk factors is, however, an α-1 

antitrypsin (AAT) deficiency 146,147. Tanner et al. claimed that emphysema is associated with 

both null mutations (no protein produced) and with mutations producing defective or non-

exported α-1 antitrypsin 147. 

Although some reviews state that COPD affects women and men equally, other studies, 

have shown the COPD cases to be more prevalent in females in comparison with men 146. The 

statement is, however, controversial and requires more extensive research 146. 

Atopy is a hereditary predisposition to produce high-affinity immunoglobulin E (IgE) 

antibodies as a response to allergen exposure148,149. Although there is insufficient knowledge 

on understanding the impact of atopy in the pathogenesis and development of COPD, it has 

been suggested that atopy is likely to be one of the risk factors for development of the disease148. 

The study showed that around 18% of COPD patients has an atopic phenotype. This feature is 

frequently associated with asthma and therefore, the “Dutch hypothesis” proposed the idea of 

asthma and COPD to be the illnesses of the same basic process 146,150. However, this hypothesis 

was later confronted by GOLD highlighting the difference between pathology and 

pharmacology of these diseases146. In addition to atopy, bronchial hyperresponsiveness has 

also been found to be associated with COPD149,151. Up to two-thirds of COPD subjects 

exhibited bronchial hyperresponsiveness which is linked to airway inflammation and increased 

sensitivity to a wide variety of airway narrowing stimuli 151. The attempts to discriminate 

COPD phenotypes brought hyperresponsiveness to a thorough scrutiny which revealed this 

symptom to be present in subjects of most COPD subgroups 151. Although the genomic linkage 

of bronchial hyperresponiveness is less clear, both conditions (atopy and hyperresponsiveness) 

are suggested to stem from the genetic predisposition146,149. 

Insufficient intake of antioxidant vitamins (A, C and E) and magnesium has been found to 

be associated with increased risk of COPD. The low dietary intake of the important 

micronutrients plays a significant role in lung development especially in early life 146,152. 
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5.2.1.2 Environmental factors 

Smoking is considered to be the most common determinant of COPD globally. The direct 

correlation between smoking cessation and the rate of lung function decline has been 

established. It has been documented in many studies that smoking termination decelerates 

COPD progression over time, as well as exacerbations and smoking-related comorbidities 

(lung cancer and cardio-vascular disease), which results in mortality decrease in patients with 

COPD 146,153. 

Inhalation of air pollutants from the burning of biomass fuels, both indoors and outdoors, 

may be an important risk factor for COPD. Occupational exposure to noxious substances may 

also trigger the COPD development and progression30,146,154. 

COPD phenotypes are related to different causes and can differ in patterns of inflammation, 

but it was found that indoor air pollution and smoking display analogous pathology progression 

over the course of the disease, suggesting that the response of respiratory tract is associated 

with the same basic process155. 

Respiratory-tract infection during childhood lead to unhealthy lungs which might become 

a risk factor for COPD development in later life150. 

5.2.2 Pathology, pathogenesis, pathophysiology of COPD 

COPD is associated with a chronic inflammatory response which leads to a progressive 

airflow limitation caused by irreversible structural changes in the lungs. These changes include 

peribronchiolar fibrosis, chronic bronchitis, emphysema- enlargement and destruction of 

alveolar walls, and mucus hypersecretion. The changes are believed to be a result of 

inflammation which predominantly affects peripheral airways, lung parenchyma and even 

large airways. 

Along with the structural pathology of the airways, the pathogenesis of the malady includes 

chronic inflammation, accelerated organism ageing and increased oxidative stress.  

5.2.2.1 Pathogenesis 

5.2.2.1.1 Chronic inflammation 

Although the biological mechanisms of COPD are yet to be fully understood, it has been 

observed that inflammation increases with progression of the illness. At the initial stages of the 
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disease, the number of innate immune cells grows up which follows by a later activation of 

adaptive immunity 30. Upon exposure to the irritant, the respiratory tract activates Toll-like 

receptors which recruit proteins for subsequent downstream signaling in the innate immune 

system. These events lead to an elevation in the number of neutrophils and macrophages, 

activation of structural cells- epithelial cells, endothelial cells and fibroblasts, and mucus 

secretion in the lungs 139. T and B lymphocytes number also escalate as the disease advances 

30. Macrophages release inflammatory mediators, including cytokines, chemokines and 

proteases, to maintain inflammation and uptake of circulating cells into the lungs. Epithelial 

cells express TGF-β which causes local fibrosis 30. Also, it has been found that concentrations 

of hepatocyte growth factors are reduced in COPD patients, what presumably promotes 

emphysema development 146. 

5.2.2.1.2 Oxidative stress 

The free radical theory of ageing is based on the idea that oxygen breakdown in cellular 

mitochondria, before it is reduced to water, is accompanied by the sequential generation of 

short-lived intermediates with high reactivity. According to the theory, these reactive radicals 

inflict significant damage to biological tissues, thus accelerating ageing156. The high levels of 

oxidative stress biomarkers in the expired breath condensate, sputum and blood of COPD 

patients show evidence of the entire organism being exposed to increased oxidative stress from 

irritant particles and inflammation caused by innate immunity. Reactive oxygen species (ROS) 

induce the expression of NF-κB and p38 MAPK and inhibit antiproteases like α1-antitrypsin 

which lead to inflammatory response gain and elastolysis 30. The TBF-β expression is also 

attributed to ROS activity leading to lung fibrosis 30. It is believed that excessive ROS induces 

accelerated ageing favouring chronic inflammation. 

5.2.2.1.3 Accelerated ageing  

Since the overwhelming number of diagnosed COPD cases are detected in elderly 

individuals, the main pathological features of ill patients are believed to derive from accelerated 

ageing owing to dysfunction of anti-ageing mechanisms (for example those that involve 

sirtuins) and failure of anti-oxidants to terminate the oxidation which lead to cellular 

senescence and telomere shortening30. Accumulating evidence suggests that the level of SIRT1 

is reduced in lung cells of individuals with COPD which regulates FOXO transcription factor 

via deacetylation 139,157. Senescent cells, also called “inflammaging”, remain metabolically 



145 

 

active releasing damaging biochemical and inflammatory mediators and inflicting changes to 

surrounding tissues which inevitably lead to a negative impact on the whole organism 139.  

5.2.2.1.4 Protease-antiprotease imbalance 

The oxidative stress in the lungs of COPD patients results in a catabolic-anabolic enzymes 

imbalance, inactivating endogeneous antiproteases and triggering an acute pulmonary response 

involving proteases. This imbalance of counteracting compounds results in lung parenchymal 

destruction. 

The inflammatory and epithelial cells release a variety of proteases, including neutrophil 

elastase, proteinase 3, matrix metalloproteinases (MMPs), and cathepsins. It has been 

suggested that these proteases interact with each other by mutual activation or “support”, 

simultaneously deactivating their endogenous inhibitors. These proteases catabolise connective 

tissues cleaving components of the extracellular matrix, elastin fibers and collagen. The 

disintegrated fragments from elastin or collagen-derived peptides have been shown to be a 

chemotactic factor for some immune cells. It is believed that protease-mediated destruction of 

elastin is a prominent feature of emphysema 158. 

5.2.2.2 Pathophysiology of COPD 

There are mainly two pathological processes behind progressive airflow obstructions in 

patients with COPD: remodeling and narrowing of the small airways, and destruction of the 

lung parenchyma with consequent loss of the alveolar attachments of these airways as a result 

of emphysema155. 

COPD is a complex systemic disease which encompasses a variety of abnormalities. The 

pathological features of COPD include obstructive bronchiolitis, emphysema and, in many 

cases, mucus hypersecretion (chronic bronchitis). Frequently, patients show coexistence or 

combination of these conditions with one disease predominant manifestation than the other 153. 

5.2.2.2.1 Chronic bronchitis  

The COPD patients with chronic bronchitis are sometimes called “blue bloaters” because 

of the cyanosis that develops during disease progression. Chronic bronchitis is characterised 

by perpetual inflammation in the lining of bronchial tubes. In response to the irritants exposure, 

goblet cells are evoked to overproduce mucus resulting in secretions to build up in airways 

occluding normal gas exchange 159. The process is further compounded by a gradual decline in 
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mucus elimination system. The poor secretions clearing is conditioned by impaired ciliary 

function, distal airway obstruction, respiratory muscle weakness and reduced peak expiratory 

flow. Mucous metaplasia causes increased mucus hypersecretion and airway surface tension 

alteration leading to expiratory collapse. The examination of lung peripheral airways biopsies 

of subjects with chronic bronchitis revealed an increased number of goblet cells. The 

progression of COPD and its outcome has been found to be correlated with chronic mucous 

metaplasia and goblet cells hyperplasia159.  

Disturbed pulmonary gas exchange hinders O2 transfer through alveoli efficiently resulting 

in hypoxia and V/Q mismatch which in turn develops hypoximia and hypercapnia 145,146. Due 

to low concentration of O2 in blood, the organism is forced to produce more red blood cells 

concomitantly invoking hemoglobin concentration increase. Additionally, abnormally elevated 

CO2 levels in blood causes respiratory acidosis. The more advanced COPD stages are 

accompanied by cyanosis derived from polycythemia and respiratory acidosis 146. 

5.2.2.2.2 Obstructive bronchiolitis 

The progression of COPD is aggravated by obstructive bronchiolitis induced by epithelial 

layer thickening obstructing airway lumen 159. The inflamed lumen obliteration and concurrent 

fibrosis is incorporated with the small airways abnormal remodeling. It is, nevertheless, 

debatable whether the prevailing reason of occlusion is bronchiolitis and fibrosis or loss of lung 

elasticity even at the absence of emphysema. It is probable that both factors contribute to airway 

obstruction 146.  

5.2.2.2.3 Emphysema  

Emphysema is a long-term, progressive obstructive lung disease which is characterised by 

small airways destruction and as a result, an impaired gas exchange. The emphysematous 

symptoms include shortness of breath, cough and in advanced cases “barrel chest”.  

The inflammatory response of subjects with emphysema leads to elastic fiber break down 

and loss of alveoli integrity which in turn, prevents from normal air circulation causing air-

trapping and lungs volume expanding. The exposure to irritants stimulates macrophages to 

secrete proteases and cytokines. The cytokines attract neutrophils from circulation to the area 

and provoke the white blood cells to produce elastases which, upon release, attack elastic tissue 

around the alveoli. This process leads to a loss of elastic recoil and decline in ventilation. 
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Additionally, the discharged proteases by macrophages cause a destruction of alveoli walls and 

capillaries resulting in deficit in V/Q ratio. Such drastic modification in lung elasticity and 

structure invokes a considerable gas proportion to be trapped in the alveoli even after expiration. 

This phenomenon is known as “air-trapping” which promotes expiratory volume increase and 

over-inflating of alveoli. This hyperinflation of the lungs limits airflow and results in clinical 

outcomes of lower functional capacity, dyspnoea and limited exercise performance 160. 

5.2.3 Diagnosis 

COPD diagnosis is frequently complicated by the individual’s misleading judgments about 

the symptoms which are erroneously assumed to be the natural cause of smoking habit, ageing 

or job exposure 30. The respiratory symptoms of the disease include cough, expectoration of 

sputum, and shortness of breath or frequently occurring respiratory tract infections. The 

advanced stage of the disease is accompanied with high respiratory rate, the presence of rhonchi 

(rattling sounds), coarse crackles and wheezes and, in the most advanced cases, cyanosis (blue 

skin discolouration, a sign of hypoxaemia). The spirometry test is often used as a diagnostic 

tool for the COPD whereby the FEV1/FVC ratio is recorded determining the Forced Expiratory 

Volume in the first second to Forced Vital Capacity of air exhaled in one full breath 161. Patients 

are often evaluated by a chest X-ray or a chest CT (high resolution computed tomography) to 

exclude other diagnoses and estimate the degree of structural changes30. 

5.2.4 Treatment 

To date, there is no effective treatment to completely stop the disease progression although 

smoking cessation markedly reduces the rate of the COPD development 30. The existing 

treatments; antibiotics, bronchodilators and corticosteroids, are used to treat co-morbidities, 

breathlessness and asthma. It is believed that the development of a new therapy based on the 

inhibition of excessive ROS might have a potential for curing COPD; however, more research 

is needed to find biomarkers for the disease’s response to the treatment30. 

5.2.5 Markers 

There is a need to identify biomarkers that characterise disease “activity” and predict 

responsiveness to the treatment30. The attempts to find biomarkers in sputum, exhaled air 

condensate bronchoalveolar lavage or serum have not been successful. However, the level of 

several biomarkers is measured to predict hospitalization and mortality30,157. C-reactive protein 
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(CRP) and several cytokines are used to only vaguely characterize occurring inflammation and 

possible infections30,145. 

It is hypothesised that senescence markers like sirtuins and FOXO might reveal the 

missing information about COPD mechanisms, accelerated ageing and defects of endogenous 

antiageing system139,157. It has been previously shown that FOXO1 and FOXO3 proteins were 

underexpressed in peripheral lung epithelium of COPD patients 141. The similar trend for the 

senescence markers has been observed during the analysis of macrophages, neutrophils and T-

cells from sputum of ill individuals 140,162.  

5.3 Methods for sampling 

The biggest hurdle in epidemiological studies is to obtain clinical samples for biomarker 

content analysis. 

Evaluation of biomarker abundance from different anatomical compartments may clarify 

inflammatory and immunological processes which are not yet understood in different airways 

segments of individuals with COPD 163. To address this problem, the samples such as blood, 

sputum, exhaled gas condensate, mucous lining fluid and lung biopsy have undergone scrutiny 

to identify the biomarkers assisting in disease endotype classification, disease severity 

determination, susceptibility to exacerbations, co-morbidities and disease progression. 

Venepuncture is a blood sampling method that is typically performed by clinicians or 

trained staff. The method is invasive and the blood samples do not provide a direct relation of 

the inflammation processes occurring in the airways 161,164. However, the difference in some 

blood markers levels of healthy and COPD individuals was found to directly represent lung 

inflammation in ill subjects 161,164.   

5.3.1 Lower respiratory tract sampling 

Lower respiratory tract sampling techniques including bronchoalveolar lavage, lung 

aspirates and lung biopsy are highly invasive 165,166 and can cause inflammation exacerbation 

166. The procedures are costly, time-consuming and require technical personnel, equipment and 

anesthesia 166. Due to washing procedures, samples obtained from bronchoalveolar lavage are 

dilute 22. 
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The exhaled breath condensate is collected via cooling the expired air at 4°C. The method 

is non-invasive and therefore, attractive for epidemiological studies. Regardless of its potential 

as a screening or diagnostic tool, this method showed difficulties to obtain reproducible 

measurements of biomarkers which is presumably compounded by extremely low 

concentration of the agents (in some instances below the limit of detection) and saliva- and 

nasal-air-derived contamination of the collected sample 161. 

5.3.1.1 Sputum analysis 

Sputum collection is one of the standard sampling techniques of lower respiratory tract 

that is harnessed to explore heterogeneous cellular profiles and determine inflammation 

biomarkers 161,164,166. Since sputum production is initiated directly on the inflammation site, the 

major advantage of this specimen analysis is the feasibility to accurately track the inflammation 

process of the stricken tissue 166. The sampling, either induced or spontaneous, is regarded to 

be safe and based on stimulation of expectoration production and its further collection. Whilst 

most COPD individuals generate sputum naturally or spontaneously, some of the subjects are 

required to resort to induced methods of sample collection. It is typical of research practices to 

hire healthy donors to establish a healthy baseline and/or compare it against ill individuals. 

Naturally, healthy control group cannot produce sputum in sufficient amounts for analyses and 

therefore, an induced sampling must be employed. The induced sputum collection 

distinguishes two basic protocols that promote phlegm expectoration: 1) inhalation of 

nebulised hypertonic saline solution or 2) chest/abdomen massage technique 166. Despite its 

advantages, sputum induction is not favourable method for children because they tend to 

swallow the generated sputum rather than cough it out. Additionally, it requires full patient 

cooperation which is impossible to achieve in some instances (e.g. comatose individuals, 

infants). Additionally, the sample is contaminated with saliva 167, contains a high number of 

cellular debris and dead cells and requires liquefaction 165. 

5.3.2 Upper respiratory tract sampling 

Nasal secretion is a heterogeneous fluid of a complex composition which physical 

properties, cellular profile and biological activity varies between and within individuals 168. 

Nasal mucus derives from four major sources: goblet cells, submucous glands, transepithelial 

ion, water transport and plasma transudation 168.  
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The nasal mucosa, occupying the upper respiratory tract, is easily accessible, and it has 

long been recognized to have a strong histological and immunological relationship with 

bronchial mucus lining fluid (MLF) 169. Upon the exposure to noxious stimuli, several 

inflammation biomarkers extracted from nasal samples showed correspondence to the 

equivalent mediators in bronchi mucous lining 170. Moreover, the genetic studies of nasal and 

bronchial epithelial cells have demonstrated the activation of similar genes in subjects affected 

by various airways irritants 138,142. This evidence suggests that nasal samples are easy 

extractable surrogates that can characterise inflammatory processes occurring in distant and 

often hardly reachable lower respiratory tract. Despite the apparent correlation of biomarkers 

in response to irritants, the mucosal immunological processes vary significantly at different 

sites within the body and therefore, immune system compartmentalisation necessitates a 

thorough scrutiny. Additionally, it is believed that mucosal immune response to stimuli 

exposure could provide targets for new treatments against the disease 163. 

5.3.2.1 Nasal sampling 

Examination of nasal mucosa can advance the understanding of underlying immune 

mechanisms during inflammation by evaluating specific antibody, inflammatory mediator and 

cytokine levels 168. For instance, Jochems et al. used nasal curettes to analyse composition and 

activation state of immune cells with flow cytometry 163. In clinical practices, the exploited 

sampling of nasal secretion can be mainly divided into spontaneous collection, washes, 

aspirates and absorption techniques. 

5.3.2.2 Spontaneous sampling 

Spontaneous sampling is an uncontrollable method of mucus collection that frequently 

results in varying sample quantities 168 and therefore, difficulty to obtain reproducible results. 

The technique was, nevertheless, employed to measure lactoferrin and eosinophilic cationic 

protein in blown secretions to enable discrimination of sinusitis from natural colds 171. 

Furthermore, this sampling method is limited to only individuals with spontaneously secreted 

fluid which excludes healthy subjects from nasal sample analyses 168.  

5.3.2.3 Nasal lavage 

Nasal lavage is one of the commonly applied nasal sampling techniques which is 

implemented by instilling the sterile saline solution with pipette or syringe in nares. The 

procedure is relatively poorly tolerated by individuals because it is frequently accompanied by 
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saline buffer swallowing and choking. Washing of nasal cavity could generate unpredictably 

dilute samples containing a target analyte at concentration below the assay’s limit of detection. 

The method yields slightly improved results using ultrasonic nebulisation of saline water for 5 

min following by blowing a nostril 168. However, the samples obtained with nebulisation are 

more viscous due to higher mucin content and hence, are more difficult to handle. Regardless 

of its drawbacks, the technique is still ubiquitously exploited. Thus, Lü et al. measured 

immunoglobulins, inflammatory mediators and allergen specific antibodies from nasal samples 

collected by lavages. Also, Hansel et al. applied this technique to subsequently detect 

rhinovirus infection by PCR from nasal lavage samples.  

5.3.2.4 Nasopharyngeal aspiration 

Nasopharyngeal aspiration (NPA) is another standard method to obtain samples for upper 

airways mucus analysis 172. The samples are collected by advancing the catheter into the 

nasopharynx and applying suction to the catheter with an intervening mucus trap. The suction 

step is usually preceded by instilling a small volume (about 1 mL) of saline solution into a 

nostril to simplify aspiration of viscous sample 173. However, this  procedure have a 

reproducibility problem due to unknown and variable dilution of mucosal secretions172. The 

NPA technique is, nevertheless, recognised as a gold standard for collecting specimens to 

identify respiratory viruses. The method demonstrated 97% sensitivity for detecting RSV 

positivity in patients with acute bronchiolitis 174. The NPA is notwithstanding invasive and is 

generally a not well tolerated method requiring individual’s cooperation. Several studies 

reported upper airways trauma and nasal bleeding during the sampling procedure. Also, the 

NPA requires specifically trained staff or nurses to perform nasal aspiration 173.  

5.3.2.5 Nasal absorption 

Nasal absorption or so-called “precision mucosal sampling” gained its name due to the 

ability to perform sample collection directly from respiratory mucosa providing a sample free 

of saliva-derived contamination 167. Nasal absorption (NA) or nasosorption sampling is 

implemented by a collector with absorptive properties such as synthetic electrophoresis wick, 

cotton or filter paper nasal swabs, and sinus packs. The absorption technique was used in 

numerous studies to sample mucosal lining fluid (MLF) to evaluate levels of chemokines, 

cytokines, pollen, LPS and rhinovirus.  
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For the first time, the method was described in Alam et al in 1992 where nasal fluid 

collection was performed with filter paper consisting of natural cellulose 175. The collected 

sample was consequently analysed to measure histamines and cytokines concentrations after 

controlled nasal allergen challenges and with natural allergen exposure. Although the method 

provided undiluted nasal fluid, some immunological mediators were found trapped in the 

porous absorptive material 165. The increasing evidence also suggests that coarse material like 

cotton and cellulose may irritate nasal epithelial lining and contaminate the sample with blood 

168. Thus, there was a necessity to test and investigate properties of different absorptive 

materials that would help to overcome these problems.  

Ideally, the nasosorption device should possess the following attributes: 1) generate 

reproducible results and have high detectability; 2) not traumatise or irritate the epithelial lining; 

3) minimise air flow blockage during sampling; 4) release the collected proteins or biomarkers 

from absorptive matrix; 5) require little or no patient's cooperation; 6) provide sufficient 

amount of non-diluted samples for analysis; 7) offer an easy handling and processing of the 

samples 168. Both, natural 174 and synthetic 168 sponges were exploited and characterised for 

mucus lining fluid sampling. Lü et al. has evaluated performances of various polyurethane 

foams based on fluid and protein recovery 168. It has been concluded that polyurethane foams 

at 110 and 60 PPI had met the fore-mentioned requirements and consequently were recognised 

as a suitable tool for MLF sampling on a daily practice 168. In addition, Chawes et al. employed 

a synthetic, fibrous, hydroxylated polyester medium to assess the levels of nasal mediators in 

epithelial lining fluid from healthy and children with symptomatic allergic rhinitis 169. As it 

was observed, despite the feasibility to perform ELF absorption with different materials, the 

most favourable sampler comprises synthetic absorptive matrix. 

Synthetic absorptive matrix (SAM) typically contains an absorptive polymer fibers or 

foam with enhanced hydrophilicity and reduced biomolecular binding169. This tool has been 

extensively used to develop new protocols for investigation of immunological responses in 

biological fluids of individuals with respiratory diseases. Owing to its highly absorbent surface 

and minimal retention of eluting protein from the absorptive matrix, the SAM has become a 

widely exploited material for nasal absorption (NA) to perform biomarker analyses on nasal 

secretions 165.  
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This device is exceptionally gentle and facilitates MLF obtainment even from inflamed 

noses at frequent intervals over extended periods of time. Due to its tremendous potential in 

clinical studies, this method drew attention of scientific community which compared 

nasosorption with other respiratory tract sampling techniques. Thus, the absorptive matrices 

have been found superior for inflammatory mediators recovery in comparison with 

nasopharyngeal aspirate 174,176 and nasal lavages 168,172,177. The SAM nasosorption (NASAM) 

method has been repeatedly recognised as a well-tolerated and non-invasive method for nasal 

sample collection requiring no patient’s cooperation. This feature was found to be particularly 

useful in analysis of sourcing nasal secretions from children and comatose patients 168.  

Thus, the inflammatory mediators’ detection with absorptive matrices could impact on our 

understanding of immunological signatures of the respiratory diseases as well as susceptibility 

and resistance to immunotherapy. It also opens new perspectives for diagnostic tools 168. 

5.4 Method and Materials 

5.4.1 Working solution preparation for FOXO1 and FOXO3 assays 

The working solution was prepared by mixing detection and surface marker (anti- Human 

CD3, Alexa Fluor®532 UCHT1, ThermoFisher, UK) antibodies in a phenol red free RPMI-

1640 media. The detection antibody concentrations for FOXO1 and FOXO3 analysis were 106 

and 107 molecules/nL, respectively. The final concentration of anti-CD3 antibody in the 

working solution was obtained by diluting its stock 20x.  

5.4.2 Samples and processing 

5.4.2.1 Sputum sample collection, storing and handling 

The sputum samples collection was undertaken via induced sampling from healthy and 

spontaneous sampling from individuals with COPD in the NHLI (Imperial College London) in 

collaboration with Peter Barnes’ group. The induced sampling procedure was initiated with 

inhalation of 200 µg of salbutamol delivered by pressurised metered dose inhaler. To induce 

sputum generation, the subjects underwent a subsequent hypertonic saline challenge which 

involved inspiration of nebulised 3.5% saline solution with an atomiser (De Vilbiss 99, Heston, 

UK). The subjects were invited to expectorate phlegm into a sterile container throughout the 

entire hypertonic saline challenge duration. The sampling terminated upon 1 mL of sputum 

specimen obtainment.  
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In the previous study, our group investigated different protocols of the sputum samples 

storage and freezing following the sputum collection. The storage conditions were optimised 

to yield the highest viability of the resuscitated cells in a solution after thawing. The optimal 

method produced roughly 60% cellular viability and it involved sputum cells treatment with 

dithiothreitol (DTT) followed by the sample dilution in freezing media (2 mL of Hanks 

balanced salt solution (HBSS) supplemented with 10% DMSO). Immediately after processing, 

healthy and COPD sputum samples were stored at -150°C until further analysis.  

Prior to the MAC chip analysis, the frozen sputum sample was pre-preprocessed which 

involved a rapid sample thawing in a water bath at 37°C with a subsequent centrifugation at 

300×g for 5 min and concomitant supernatant replacement with a working solution (the 

preparation is described above). The prepared sample was stored on ice for a short time before 

loading it into the analysis platform. 

5.4.2.2 Nasal sampling 

5.4.2.2.1 Participants recruitment 

Healthy, non-smoking volunteers aged 18+ were sourced from members (staff/students) 

of Imperial College London in South Kensington and White City campuses. Participants were 

recruited through word of mouth (  
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Appendix A: Volunteer recruitment). The potential donors were approached by informing 

them of the study and its purpose and were asked if they would like to volunteer.  

5.4.2.2.2 Study Approval 

This clinical study received Research Ethics Committee approval (ICREC reference: 

18IC4779) and written informed consent was obtained from all participants prior to inclusion 

in the study. The used consent form is in (Appendix B: Consent forms). The volunteers were 

handed a participant information sheet (Appendix C: Participant information sheet) to 

familiarise with the study design, participants inclusion criteria and the sampling technique.  

5.4.2.2.3 Inclusion and Exclusion Criteria  

The subjects were eligible for inclusion if they were healthy, non-smoking and aged 18+. 

Smokers, those with symptoms of asthma, hay fever or allergic rhinitis, cold, flu or other 

infection/respiratory diseases were excluded from this study. Also, for the purposes of the 

current research, volunteers with no known history of any significant respiratory diseases were 

sampled 167.  

Pregnant or breastfeeding women and any subject who had contact with infants or the 

elderly at home or at work were excluded 167. 

5.4.2.2.4 Study Design  

Each recruited volunteer underwent a nasal sampling procedure up to maximally 5 times. 

The nasosorption was performed from either of nares and on different days to investigate 

intrapersonal variation of the signal for a specific biomarker. The collected samples were stored 

anonymously and were only identifiable by a sample number with no other personal 

information. The code assigned to the nasal samples was used by the researchers to identify 

key information about the sample, including the date of collection, gender of the donor and a 

unique sample identification code. The code had the following format: date of collection 

(DD/MM/YYYY) – gender (F/M) – sample number (01, 02, ..., n). 

5.4.2.2.5 Nasosorption 

The nasal sampling was performed with a Nasosorption™ FX·I swab (Mucosal 

Diagnostics, Hunt Developments Ltd., Midhurst, UK) composed of hydrophilic synthetic 

absorptive matrix (SAM). The applied nasal absorption device (Figure 58) is manufactured as 
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a CE-marked medical device from medical grade materials using clean rooms and are free of 

dust and allergens 165,167.  

 

Figure 58 Schematic of Nasosorption™ FX·i, working length 40mm, swab size 7 x 28mm long. The device 

is a non-sterile device consisting of polyester absorptive matrix strip attached to an applicator handle. The 

image adapted from 178 

The sampling was performed by the author according to the method described elsewhere 

165,178. To summarise, the nasal cavity of a donor was examined before the sampling initiation 

using light and speculum. The nasal ELF was obtained by carefully inserting the 

Nasosorption™ FX·i into the nostril and gently locating the absorbent strip flat against the 

surface of the interior turbinate 44. The swab was incubated in the nasal cavity for 60s before it 

was retrieved from the nostril and placed back into the tube 44. The Figure 59 demonstrates 

step-by-step manipulations of the sampling procedure. The nasal fluid samples were processed 

immediately after collection.   

Figure 59 a) The diagram of the sample collection procedure which includes unpacking the swab, inspecting 

the nasal cavity, inserting gently the nasosorption tool into the nose, incubate it for 60 s and return the 

sample into the tube 44. b) the Nasosorption™ FX·i device 31.  

5.4.2.2.6 Nasal samples processing  

In the preliminary study, the MLF collection and processing was undertaken at NHLI (St 

Mary's Hospital, Imperial College London) in collaboration with Trevor Hansel group. The 

nasal samples were processed shortly after absorption under aseptic conditions. In details, the 

a) b) 
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SAM swab was detached from the sampler device and subsequently transferred into the tube 

containing 300 μL of RPMI. The tube was gently vortexed to promote the absorbed biomaterial 

elution into the media. The SAM was further secured on the tube’s wall so, to prevent the 

contact between the swab and solution. The vial was, afterwards, spun down at 2000 ×g for 5 

min and the pellet was resuspended in fresh RPMI media. The processed sample was 

transferred on ice for further analysis to the South Kensington campus. Upon arrival, the 

sample was spun down again at 300×g for 5 min followed by cellular pellet resuspension in 50 

μL of pre-made working solution. The collected samples were handled immediately after the 

withdrawal and left on ice till the analysis procedure. The analysis of the samples was 

performed within 6hrs of withdrawal. 

However, the fore-mentioned sample pre-processing method required amendments 

because the nasal eluate was very dilute in cells presumably after two cycles of centrifugation. 

The mechanical stress caused by centrifugation of cellular suspension is a well-studied 

phenomenon that negatively affects cell viability and yield 179. Also, despite the low minimal 

cell number requirement to perform a MAC chip experiment, the workflow is less challenging 

when more concentrated cellular solutions are used. Thus, different sample handling methods 

were explored to extract more cells from the absoptive matrix. 

5.4.3 Analysis platform 

The clinical samples analysis was carried out using MAC chip platforms with 4.5nL (300× 

300 μm) and 1.25nL (190×190μm) analysis chambers for FOXO1 and FOXO3 copy number 

evaluation, respectively. The single cell experiments were essentially performed as described 

in Chapter 3, with the addition of an intermediate step involving on-chip cell sorting.  

The FOXO1 assay was performed using CA13/D3 assay (described in Chapter 4 Table 6). 

The FOXO3 protein was assessed in the clinical samples with both CA8/D1 and CA7/D1 

systems (Chapter 3 Table 2).  

5.4.4 On-chip cell sorting 

The clinical material can be heterogeneous containing high amount of debris and unwanted 

cells. This research was, however, focused on analysis of senescent biomarkers in epithelial 

and CD3+ T-cells only. The selection of target cells from the biological matrix was 

implemented using a custom-built, manually operated optical trap to transfer the relevant cells 
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into the analysis chambers. The identification and sorting of the target cells during the 

experiment was based on visual inspection of cell morphology for epithelial cells and 

fluorescent anti-CD3 labeling for T-cells. It is worth mentioning that no cell viability marker 

was used to monitor live cells and the selection of target cells was implemented via visual 

inspection. It has been previously shown that viability dyes and labels may affect native cell 

behaviour confounding results 180 and therefore, the live cells were just visually examined 

before trapping and analysis. 

Although the EpCAM surface marker labeling is a widely exploited method to 

unambiguously distinguish epithelial cells, these cells can also be easily recognised by a unique 

stretched shape (Figure 60c). The epithelial cells were selected for analysis because they were 

repeatedly reported to have an active role in inflammatory processes in the COPD disease 

development 30,159.  

Due to a complex content of clinical samples and a lack of apparent morphological 

attributes of T cells, the surface marker labeling technique was instead chosen to identify the 

specific lymphocytes. The CD3 antigen is found on the membranes of no other cell type than 

T cells. This high specificity makes CD3 a useful marker for T cells identification which is 

extensively used in immunohistochemical studies. As COPD is associated with a chronic 

inflammation, the rate of inflammatory response was shown to increase with neutrophils, 

macrophages and lymphocytes number elevation in the lungs along the disease progression 30. 

The T cells number growth in the lungs occurs later in the course of the disease progression 

indicating COPD severity, staging and prognosis. 

Figure 60 The corralled cells into the analysis chambers from the sputum samples a) T-cell bright-field 

image (red arrow indicates the trapped T-cell) b) the anti-CD3 labeled T-cell image under the epi-

fluorescence c) epithelial cell (red arrow points at the trapped epithelial cell). The scale bar=50µm 

a) b) c) 
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5.4.4.1 Cells counting 

It is important to characterise cellular number and profile in the specimen because it can 

potentially provide complementary information in understanding of the COPD development 

and progression. It was observed that COPD is accompanied by the abnormal cellular number 

increment in the respiratory tract.  

Thus, the single cells counting for both, sputum and nasal samples, was implemented on 

the MAC chip. Since the cells mostly localised on the same Z-plane of the main channel, 

images of the channel’s segments were taken to retrospectively estimate the number of cells in 

the sample. The set of 112 frames was taken in three different sections of the main channel 

(near the inlet, in the middle and next to the outlet) under brightfield and 555nm Epi-fluorescent 

illumination. The epithelial and CD3+ T-cells were then manually counted from three sections 

and the mean value was obtained. 

5.4.5 Statistical analysis 

To statistically describe the collected data on FOXO3 expression in target cells of donors, 

the independent samples t-test was chosen. The two-tailed t-test was used to compare the means 

of two groups using SciPy.stats package in Python 3.6. Selection of a 2-sample t-test was 

predefined by the type of data, its distribution, number of groups and the aim of statistical 

question.  

5.4.5.1 Linear discriminant analysis 

Linear Discriminant Analysis or LDA is a technique that finds a linear transformation of 

data reducing dimensionality to represent the data. LDA is commonly used in pattern 

classification, groups differences modelling, separating two or more classes and projecting 

features of higher dimension space into a lower dimension space.  

 

Figure 61 a) The signal distribution of two populations for features X1 and X2 b) Data set classification with one 

feature only 
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For instance, two different classes, possessing multiple unique attributes, often result in 

incomplete separation if only a single feature is considered leading to a partial overlapping 

Figure 61. Thus, to achieve efficient classes resolution, more features need to be involved to 

regard useful information from other attributes. However, the increase of feature number 

augments the dimensionality of the data which is either hard or impossible to represent 

graphically on a 2D planes (like paper or computer screen). The LDA method is designed to 

overcome this limitation by finding a projection plane or line to classify the observations. 

Although the LDA classifier can resolve a multiclass dataset, it was originally formulated 

for a 2-class problem by Ronald Fischer in 1936. He proposed an alternative way to separate 

the data-cases which roots in finding a linear projection 𝑦 = 𝑎𝑥 for data that maximizes the 

variance between classes relative to the variance for data from the same class 181. The linear 

projection computation conducted for input vector 𝑥  and projection vector 𝑎  which 

parameters are obtained using between- and within-class scatter matrices: 
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where Sb is between-class matrix, Sw - within-class matrix, μ1 and μ2- means for two classes, 

xi - feature value for a sample. 
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The LDA classification was performed using Python 3.6. The eigenvalue and eigenvector 

were obtained to build the linear projection using a predefined LinearDiscriminantAnalysis 

class in the scikit-learn library.  
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5.5 Results and Discussion    

5.5.1 Sputum cells analysis 

The sputum obtained from the healthy and COPD individuals was tested on the MAC chip 

device to compare the cellular profile and the senescence biomarker levels between the 

samples. The FOXO1 expression was measured in 15 healthy epithelial cells, 56 healthy T cells 

and 68 T cells from the ill subject. Due to a healthy sputum shortage and impossibility to gather 

more biospecimen, two FOXO3 assays were applied to evaluate the protein content in T cells 

alone from the COPD+ patient only. Overall, 88 CD3+ T cells underwent FOXO3 analysis. 

All the results were produced from at least two experimental repeats. 

The on-chip cellular count revealed a difference in cellular profile distribution between 

healthy and COPD samples. A considerably lower ratio of epithelial to CD3+ T cells was 

observed in the COPD+ individual comparing to the healthy control. The healthy donor 

possessed roughly an equal number of epithelial and T cells in the fluid. Additionally, the 

number of epithelial cells in the healthy volunteer was estimated to be roughly 20-30 times 

greater than in the COPD specimen (data is not shown). Unlike COPD+ patient, the healthy 

individual was not able to produce sputum spontaneously and therefore, the sampling was 

implemented via induced method. However, the noted discrepancy in cell ratio is unlikely to 

be caused by difference in sampling strategies that were applied to harvest the samples from 

healthy and ill subjects. The studies have previously estimated the difference in cellular yield 

and profile to be negligible comparing spontaneous and induced sputum 182,183. Also, the 

induced method has been observed to produce higher viability of the cells 182,183. The dissimilar 

cell ratio across samples was therefore speculated to indicate abnormal inflammation processes 

that occur in the lungs of the ill donor. This result is consistent with other studies which 

analysed the cellular distribution in BAL (bronchoalveolar lavage) and lung tissue samples 

from healthy and ill patients showing the leucocytes quantity increase along with the disease 

progression and inflammation aggravation30,184.   

Given the number of epithelial cells in the COPD sample was extremely low, the analysis 

of FOXOs expression in these cells was a challenge to implement and hence, compare with a 

healthy group. 
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Initially, the FOXO3 expression was estimated in CD3+ T cells of COPD sputum using 

CA8/D1 assay. The Figure 62a shows that the protein level in a considerable proportion (~27%) 

of the target cells was lower than the LOD of the applied assay. This result implies that FOXO3 

analysis in the cells of interest can only be implemented on the MAC chip device with an assay 

having higher sensitivity. The sensitivity, in turn, can be enhanced by using more active binding 

sites immobilised on the chip’s surface and a capture agent with higher affinity towards the 

analyte. Thus, the biotinylated-CA7/D1 system was exploited instead to measure the FOXO3 

in CD3+ T cells from the samples of the ill volunteer. Interestingly, it was also observed that 

roughly a third of the tested T cells expressed FOXO3 beneath the assay’s sensitivity. 

Considering both FOXO3 assays failed to detect the senescence marker in about 30% of the 

cells, it was speculated that low protein expression in these cells might be caused by a cascade 

of biochemical processes underlying the COPD illness. Although this assumption is supported 

by several studies 140,162, there is a need to test a healthy control group first to compare the 

FOXO3 expression in ill subjects against a healthy baseline. However, this initiative was left 

out of the scope of this study due to a hurdle to obtain a clinical sample from a healthy donor.  

Figure 62b displays the FOXO1 distribution in the epithelial and CD3+ T cells from 

control and COPD samples. The protocol to analyse total FOXO1 content in epithelial and 

CD3+ T cells from sputum samples was established by the member of our group- Dr John 

Simpson. Although it was impossible to collate data on the FOXO1 expression in the epithelial 

cells between two groups, there is an obvious difference in the transcription factor level in T 

cells between healthy and COPD+ individuals. The mean binding signal of the senescence 

marker was observed to be approximately two-fold bigger in T cells from healthy sample in 

comparison to COPD+ sputum. Thus, the data provides an evidence of FOXO1 assay potential 

to be efficiently exploited as a diagnostic and prognostic tool for the COPD disease.  
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Additionally, the heterogeneous expression of the FOXO1 and FOXO3 proteins was noted 

within as well as between different cell types. The observed cell-to-cell variation might be a 

key to understanding of the COPD development. This data suggests that MAC chip is a useful 

tool to single cell proteomics which could possibly advance early stage diagnostics of the 

disease and elaboration of targeted therapy 24,185. 

Figure 62 a) FOXO3 expression in T cells of COPD donors b) Total FOXO1 expression in the epithelial 

and CD3+ T cells from healthy and COPD sputum.  

5.5.1.1 Statistical analysis 

The data evidently suggests a distinctive FOXO1 protein expression in cells of COPD+ 

and healthy individuals. To quantify how statistically significant is the disparity of the 

senescence biomarker level in T cells of healthy and ill volunteers, the two-tailed Student’s t-

test was applied. It was only possible to statistically describe data generated for FOXO1 protein 

in CD3+ T cells because there were no or little epithelial cells to analyse in sputum samples of 

the ill individual. Also, the lack of clinical samples provision precluded FOXO3 protein 

measurement in epithelial and CD3+ T cells of healthy volunteers disabling the statistical 

comparison of the transcription factor between the samples of the COPD+ and control groups.  

Independent Samples t-test was applied to compare the means of two groups using 

SciPy.stats package in Python 3.6. The normal distribution of FOXO1 protein in T-cells was 

observed within two groups (healthy and COPD+ cells). The alpha threshold was fixed at 0.05. 

The means of FOXO1 level in T cells between two populations were analysed resulting in 

t-score and p-value of 8.28 and 1.76×10-13, respectively. The statistics confirms that there is a 

significant difference in FOXO1 expression between CD3+ T cells from COPD+ and healthy 

-100 0 100 200 300 400 500
0

5

10

15

20

25

30
 COPD, T cells, 116±57

 Healthy, T cells, 238±100

 Healthy, Epithelial cells, 124±94

 

 

N
u

m
b
e

r 
o

f 
c
e

lls

Total FOXO1 single molecule count

-200 -100 0 100 200 300 400 500
0

2

4

6

8

10

12

14

16

 

 

N
u

m
b

e
r 

o
f 

C
D

3
+

 T
-c

e
ll
s

FOXO3 single molecule count

 CA8, 54 108

 CA7, 76 154

a) b) 



164 

 

individuals. This result suggests FOXO1 assay to have a potential to distinguish to some extent 

a COPD+ individual based on the protein expression.  

5.5.2 Nasal Samples analysis 

All the sampled individuals characterised nasosorption as a well-tolerated technique for a 

sample collection. According to the participants, the sampling caused only minor 

inconvenience like lachrymation and nose tickling. The device inflicted no pain or trauma to 

the inferior turbinate which inferred NASAM to be a non-invasive tool and hence, valuable for 

clinical studies. This observation was found to be in consistence with literature 166,186,187.  

Additionally, unlike sputum collection, where dissimilar protocols had to be applied to 

obtain samples from healthy and ill donors, the nasosorption exploited the same method for all 

subjects eliminating variation derived from protocol deviation. As opposed to nasosorption, 

the sputum sample, containing a high mucin level, was more difficult to handle due to its 

viscosity. Also, the inspection of the MAC device’s main channel revealed that the nasal fluid 

contained minimal biological debris and unwanted biomaterial than the sputum samples 

(Figure 63). The biological matrix of the main channel can potentially diffuse into the analysis 

chambers contaminating the single cell signal , decreasing the signal-to-noise level and giving 

a false signal on the antibody spot. However, despite the obvious reduction in unwanted 

biological gunk, the nasosorption sample yielded a much lower target cell number than sputum 

which caused inconveniences associated with handling of dilute samples (hard to find cells in 

the main channel of the platform, the analysis takes longer time, the adherent cells are difficult 

to trap)  . 



165 

 

Figure 63 The 512×512 px frame of the main channel after loading a) sputum b) eluted nasal samples into 

the MAC chip device 

5.5.2.1 Optimisation of the nasal sample protocol 

Different methods for cellular elution and handling were tested to elaborate a protocol with 

the highest cellular yield. To compare the output cellular number between the employed 

methods, the two individuals were sampled on consecutive days followed by sample processing 

described in Table 8. The results were produced from one experiment per method only. 

Table 8 The methods investigated for the nasal MLF sample processing characterised by the mean cellular 

count in the main channel 

Method 

number 

Protocol Mean cellular count±SD, cells/2mm2  

Epithelial cells CD3+ T-cells 

Ind. 1a Ind. 2b Ind. 1a Ind. 2b 

Method 1 ⚫ SAM soaked in 300 μL of RPMI, 

⚫ spun down at 2000 ×g for 5 min, 

⚫ pellet resuspended in RPMI, 

⚫ centrifuged 300 ×g for 5 min, 

⚫ resuspended in a working solution 

1±1 1±1 2±1 5±4 

Method 2 ⚫ SAM washed with 150 μL of 

Accutase incubated for 5 min at 

37°C, 

⚫ SAM washed with 150 μL of 

RPMI 

⚫ spun down at 700 ×g for 5 min, 

⚫ pellet resuspended in a working 

solution 

19±6 4±1 21±12 21±8 

Method 3 ⚫ SAM washed with 150 μL of 

Accutase incubated for 5 min at 

37°C, 

4±1 NAc 10±7 NAc 

b) 
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⚫ SAM washed with 150 μL of 

RPMI 

⚫ spun down at 300 ×g for 5 min, 

⚫ pellet resuspended in a working 

solution 
a Individual 1 
b Individual 2 
c Not available due to individual’s withdrawal from the study 

Table 8 clearly shows a correlation between the mean cellular number and a chosen 

protocol. The intra-individual variation was considered as a least likely reason for the 

difference in cellular yield of post-processed samples because a similar trend in cell count was 

observed in MLF of both individuals. 

It is evident that Method 1 resulted in the lowest cellular yield for both cell types compared 

with the other handling protocols. The possible explanation for this is the involvement of two 

centrifugation cycles in the handling process which presumably damage the cells leading to a 

decrease in cell quantity. Additionally, the first spinning was performed at a very high g-force 

(2000×g) causing a mechanical stress to cells and affecting negatively cell viability 179. 

The samples eluted with Method 2 yielded the highest cell number presumably due to 

performing a single spinning procedure only at a relatively low speed. Epithelial cells are 

adhesive and tend to attach to surfaces impeding their retrieval from the absorptive matrix. To 

counteract the epithelial cells’ adhesiveness, an Accutase treatment step was included in the 

protocol. Consequently, the introduction of 5 min Accutase incubation resulted in higher 

epithelial cells retrieval. 

Method 3 applies a similar strategy as Method 2 except the pellet formation was performed 

at 300×g instead. However, it was impossible to test this protocol on the sample from Individual 

2 and therefore, more evidence must be adduced to extrapolate a conclusion on this protocol 

efficiency.   

5.5.2.2 Evaluation of FOXO3 level in epithelial and CD3+ T-cells  

The samples were collected from 7 individuals and several of them were sampled multiple 

times which enabled the observation of intra- and inter-individual variation of the biomarker. 

Method 2 was selected for sample processing because it showed a pronounced increase in 

cellular content in comparison with other tested methods. In this study, the epithelial and CD3+ 

T cells sorting, and trapping were performed on-chip to further evaluate the FOXO3 expression 

at a single cell level. The biomarker in clinical samples was measured with biotinylated-
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CA7/D1 system. Herein, for the first time we present a data on FOXO3 expression measured 

in single cells from clinically relevant samples collected via non-invasive nasosorption method. 

Figure 64 demonstrates the healthy baseline for FOXO3 expression in nasal epithelial and 

CD3+ T cells. There is an observed inter- and intraindividual variability in the protein level for 

both cell types. It was noticed that the protein level in epithelial cells varied between 200-600 

molecules per cell whereas most of the T cells expressed the protein in the range of 300-600 

molecules per cell. The variability phenomenon was previously described by Riechelmann et 

al. who compared different sampling methods to evaluate inflammatory markers levels from 

nasal MLF 177. Additionally, the data might suggest the difference in the protein level between 

healthy men and women. Although this hypothesis requires more datapoints to be validated, its 

statistical testing is described in the section below. 

The results suggest that MAC chip FOXO3 assay is a perspective method for the biomarker 

level quantification in nasal ELF samples. Although one of the aims of this study was to 

investigate whether the nasal epithelial and CD3+ T cells are suitable surrogates for the FOXO3 

protein level monitoring in the cells of lower respiratory tract (bronchi), this ambition was not 

achieved due to the lack of healthy sputum samples. The obtained results are, however, 

believed to contribute in future attempts to explore and understand development of respiratory 

diseases like lung cancer and COPD.  
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Figure 64 The healthy baseline for FOXO3 expression in epithelial and CD3+ T cells sourced from nasal 

MLF of 7 donors. F- are the nasal samples obtained from females, M- are the samples obtained from males. 

Each data point represents the mean FOXO3 single molecule count per sample with standard error. * No 

epithelial cells were found in the main channel. There might be a difference in FOXO3 levels between men 

and women: the red dashed area covers the FOXO3 expression in females whereas blue dashed area 

represents the range for the protein level in males. 

5.5.2.3 Statistical analysis 

It has been previously reported about a significant gender effect in the healthy baseline of 

nasal inflammatory biomarkers which showed men to express them at higher levels than 

women 188. The gender derived difference in FOXO3 levels in epithelial and T cells was, 

therefore, also investigated in this research. The data delivered in Table 9 shows an average 

FOXO3 protein expression in target cells per sample which was used to statistically explore 

the difference and significance of two populations employing a Student’s t-test. 

Table 9 Single molecule mean value of FOXO3 in Epithelial and CD3+ T-cells per sample 

Sample nr 
Epithelial 

cells 

SE for 

epithelial cells 

T cells SE for T cells ID nr Gender 

S1 380 47.2 530 70.0 F5 F 

S2 270 25.3 430 39.5 F5 F 

S3 262 32.3 441 70.0 F5 F 

S4 539 NAb 793 54.2 F3 F 
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S5 445 96.8 508 162.0 F6 F 

S6 473 162.0 383 61.2 M1 M 

S7 286 50.9 322 51.7 M1 M 

S8 509 NAb 310 40.1 M2 M 

S9 282 95.1 376 46.5 F1 F 

S10 NAa NA 430.7 26.2 F4 F 

S11 NAa NA 524.3 40.5 F4 F 

S12 405 76.1 504 50.3 F4 F 
a No epithelial cell was found in the main channel to trap for FOXO3 analysis 
b Low number of cells were analysed to calculate SE 

Independent samples t-test was chosen to compare the means of two groups using 

SciPy.stats package in Python 3.6. Selection of a 2-sample t-test was predefined by the type of 

data, its distribution, number of groups and the aim of statistical question. The FOXO3 content 

in epithelial and T-cells were considered to be normally distributed within two groups (female 

and male).  

To test whether the means of FOXO3 level in epithelial cells between genders are 

statistically removed, the t-score and p-value were calculated resulting in 0.72 and 0.49, 

respectively. The low t-score indicates no or negligible difference of FOXO3 expression in 

epithelial cells between men and women. Prior to the test run, the alpha level was selected and 

set to 0.05. It is noteworthy, that the p-value is much larger than the chosen threshold (0.05) 

which means that the result is insignificant. Given the test’s t-statistics, the null hypothesis 

failed to be rejected and therefore, it could be concluded that the difference across the two 

populations for FOXO3 in epithelial cells is not statistically significant.  

The gender effect on the FOXO3 content in CD3+ T cells was also statistically tested 

which produced t-and p-values equal to 2.28 and 0.045, respectively. Interestingly, the t-score 

reveals the groups to be roughly twice as different from each other as they are within each other. 

Additionally, the low p-value implies that the result is significant, and the data did not occur 

by chance. Thus, the alternate hypothesis was supported suggesting the difference in the means 

of both genders. 

The statistical analysis showed that there is a significant difference of FOXO3 expression 

in CD3+ T cells between men and women; however, the comparison of the protein abundance 

in epithelial cell showed no or negligible difference between genders. This might be explained 

by the fact that the mean value for FOXO3 was obtained implementing analysis on different 
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types epithelial cells (like goblet, squamous or ciliated epithelial cells) whereas the analysis of 

lymphocytes was limited to CD3+ T cells only.  

Although the different tendencies for FOXO3 distribution in epithelial and T-cells across 

males and females are notable from the collected data, the bigger sample size is required to 

validate it. 

5.5.2.4 FOXO3 expression classification by gender 

In this study, the analysis of FOXO3 expression in nasal cells of interest was conducted to 

establish a healthy protein baseline. Intriguingly, the data suggests a gender-derived 

discrepancy in the protein level. This observation, however, led to a question of how to identify 

whether the individual’s FOXO3 expression falls in the healthy range or beyond it. Assuming 

the individual with an average FOXO3 expression of 400 molecules in epithelial cells and 300 

molecules in T cells, it becomes harder to determine whether there are pathological processes 

in the persons’ respiratory tract or not. Such protein level could be inferred to be within a 

healthy range if the person is a man but somewhat beneath the norm if this is a woman. The 

transcription factor expression below the healthy baseline may indicate anomaly in the 

underlying biochemical processes and abnormal inflammatory response. Hence, there is a need 

to classify the data by gender to determine a healthy range for FOXO3 abundance. The LDA 

was used as a tool to find a linear projection for the two populations resolution. The eigenvector 

and its corresponding eigenvalue for the projection were calculated to be [0.69042293, -

0.72340596] and 2.09, respectively. The found projection resulted in a good separation 

between groups as it is seen on Figure 65. 
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Figure 65 The FOXO3 expression in healthy epithelial and T-cells resolved by gender using LDA. ●-females 

and ●-males 

The current model is capable to predict classes based on the FOXO3 level with 90% 

accuracy. This classifier could be further expanded to predict the health status for both genders 

based on the FOXO3 protein expression in epithelial and CD3+ T cells. Additionally, the model 

can be re-trained to classify the data considering more than 2 variables. For example, more 

accurate assumption on whether the donor is ill or healthy might be obtained considering 

FOXO1 along with FOXO3 expression in the epithelial and CD3+ T-cells. 

5.6 Conclusion 

The current chapter presents the data on clinical samples analysis obtained from lower and 

upper respiratory tract. The cells of interest were on-chip sorted and trapped for the subsequent 

analysis. The content of senescence biomarkers, FOXO1 and FOXO3, was measured at a single 

cell level in epithelial and CD3+ T cells from both sputum and nasal fluid.  

The sputum of healthy and COPD+ individuals was examined for the cellular profile 

distribution on the MAC device. The difference in epithelial to T cell ratio was observed 

between two samples. The healthy sputum contained more epithelial cells than the sample 

collected from the ill donor. The cause for this observation was not attributed to difference in 
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sampling methods to obtain the specimens from healthy and COPD+ volunteers. Instead, the 

noted increase of T cells in ill patients might presumably be related to the nature of the COPD 

disease which is associated with chronic inflammation and dysregulated immune system. 

The FOXO1 expression in CD3+ T cells was assessed in sputum of healthy and ill 

individuals whereas epithelial cells were analysed from healthy sample only because they were 

underrepresented in the COPD+ sputum. Interestingly, the FOXO1 level in T cells from two 

sample groups was found to be dissimilar resulting in a lower protein expression in samples 

from donor diagnosed with COPD. The statistical analysis showed that FOXO1 protein 

expression in T cells is significantly distinguishable between healthy and COPD+ groups. This 

result suggests that MAC chip FOXO1 assay has a potential for the disease diagnosis and 

prognosis and treatment efficiency tracking. 

The lack of healthy sputum samples precluded evaluation of the FOXO3 protein in the 

target cells leading to infeasibility to compare the biomarker expression between healthy and 

ill volunteers. The FOXO3 was, nevertheless, measured in CD3+ T cells of COPD+ sputum 

using two different assays, CA8/D1 and biotinylated- CA7/D1. Unexpectedly, both assays 

showed a very low transcription factor content in the cells failing to detect biomarker in a 

considerable proportion of the analysed CD3+ T cells. Although the analysis of healthy control 

group samples is required to identify the reason for this observation, the decrease of FOXO3 

level in COPD+ samples could presumably be caused by the abnormal biochemical processes 

underlying the illness. 

The MAC chip FOXO3 assay was applied for the first time to measure the protein level in 

single cells of nasal ELF. The nasal fluid analysis protocol was developed in this study which 

preceded by investigation of different methods to elaborate the one (Method 2) with the highest 

cellular yield. Unlike sputum samples, the nasosorption fluid was more convenient to handle 

because of the considerably lower viscosity and a lower abundancy of the unwanted biomaterial. 

The healthy FOXO3 baseline was established in epithelial and CD3+ T cells. It was noted, 

however, that there is a gender effect in the expression of FOXO3 in the target cells. This 

assumption was statistically tested which was confirmed for FOXO3 expression in CD3+ T 

cells and rejected in epithelial cells. Additionally, the Linear Discriminant Analysis supported 

the difference in the FOXO3 level between males and females by finding a data projection for 

a fine resolution of two populations. Regardless of the small sample size and a need to involve 
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more participants in the research, the MAC chip FOXO3 assay demonstrated the ability to 

assess the protein level in single cells of clinically relevant samples. 

Also, the missing data on FOXO3 expression in healthy sputum hindered the comparison 

of the protein levels between upper and lower respiratory tracts. Thus, it left unconfirmed 

whether the FOXO3 content in the nasal cells correlates with ones in sputum. However, the 

effort to assess the biomarker level at individual basis in samples obtained by non-invasive 

means is believed to be worthwhile and meaningful in studying the COPD and other chronic 

respiratory diseases.  
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Chapter 6. Conclusion and future work 
6.1 Conclusion 

Early studies of isogenic cellular populations discovered unexpected variability in protein 

abundance between cells. The observation was ascribed to biochemical noise (for example, 

gene expression fluctuation, and variations in the amounts or states of other cellular 

components) which serves to induce different cellular states and consequently different 

functional outcomes 5,8. Numerous examples were provided to demonstrate correlation 

between protein level noise and population-level co-operation, co-ordination, and survival5. 

These regulatory mechanisms can only be explored in a single-cell regime. This thesis 

describes the development of methods to analyse protein expression in single cell from clinical 

samples. Microfluidic-based platforms were used to investigate to isolate, purify, concentrate 

and analyse single cells.  

The inherent proteome heterogeneity between cells may induce a graded endogenous 

response across a population leading to a survival advantage. This phenomenon is frequently 

encountered in oncology when a small cancer sub-population is observed to survive and remain 

proliferative capacity during treatment and initiating disease recurrence and metastasis. The 

metastasising cells, due to their poor susceptibility to the existing therapy regime, are the most 

dangerous cancer cell subset that accounts for most cases of death. Before forming a secondary 

neoplasm, these cells circulate in the vasculatory or lymphatic system which defines them as 

Circulating Tumour Cells or CTCs. The biology of CTCs is of significant interest in 

understanding the underlying mechanisms of cancer progression; however, CTC analysis and 

isolation poses challenges which we attempted to address in this thesis research. Here, we 

demonstrate the potential of the compound platform that we built to interrogate CTCs protein 

expression at single cell level. The composite assembly consisted of E-selectin/anti-EpCAM 

coated microtubes, to isolate and purify the cancer cells, and MAC-based spinning top chip to 

implement the subsequent analysis of the hydrodynamically trapped cells in the MAC 

chambers. Despite the successful performance of the devices with the validation samples, the 

setup faced severe difficulties in delivering cancer cells for single cell protein analysis from 

the model blood samples. It is, nevertheless, believed that MAC -based tool with further work 

will be suitable to measure protein abundance and cellular heterogeneity in rare cells like CTCs.  



175 

 

As the CTCs investigations reached a dead end, the research pivoted to establishment of a 

new MAC chip assay. The selection of the FOXO3 transcription factor to evaluate its 

abundance in single cells was driven by the protein involvement in regulation of bioprocesses 

like cell fate decision, glucose homeostasis, immune cell regulation, oxidative stress and human 

longevity. Disruption in control of the downstream mechanisms of the various processes might 

lead to the development of diseases like lung cancer and COPD. COPD is a complex and poorly 

understood illness that is characterised by chronic inflammation, irreversible airway structure 

remodelling, accelerated ageing and pulmonary function dysregulation. To date, there is no 

treatment to completely terminate the disease or biomarkers to trace the progression and the 

effectiveness of the therapy. However, epidemiological reports have found FOXO1 and 

FOXO3 senescence markers to be downregulated in lung tissues of patients diagnosed with 

COPD. These speculations around the FOXO3 involvement in development of the illness were 

a major motivation for the establishment of MAC chip FOXO3 assay. In the course of the assay 

development the effect of the glycerol and biotinylation on the active binding sites 

immobilization and performance was discovered. The established system allowed us to 

investigate the FOXO3 expression heterogeneity between and within human cell populations. 

The assay was further applied to measure the FOXO3 level in single epithelial and CD3+ T-

cells from the sputum of COPD+ individuals. Unfortunately, our NHLI collaborators were not 

able to provide us with more sputum samples from healthy subjects and hence, the FOXO3 

biomarker expression in control group remained unknown. Consequently, it was not feasible 

to compare the protein abundance in epithelial and CD3+ T-cells from healthy and ill sputum 

samples. However, FOXO1 expression measurements were implemented in single cells 

obtained from sputum of both COPD+ and healthy donors. Differences in FOXO1 level were 

observed in CD3+ T-cells between the tested groups. It was found that the protein was 

underexpressed in the ill subject in comparison to the healthy sample. This result suggests that 

we established a successful protocol which distinguishes, to a certain extent, an individual with 

COPD based on the FOXO1 expression.  

Additionally, the method was successfully elaborated to evaluate FOXO3 copy number in 

single cells of mucousal lining fluid (MLF). The samples sourced from healthy volunteers were 

non-invasively collected with the nasosorption tool (NASAM). The NASAM device is of high 

interest for epidemiological studies due to certain advantages. The NASAM is exceptionally 

gentle and non-invasive tool that enables sampling with no or negligible cooperation required 
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from the individual patients. The swab absorbs a heterogeneous matrix of nasal fluid providing 

undiluted samples with no saliva-derived contamination. However, there was a need to 

elaborate the protocol in order to release cells from the synthetic matrix and load them into the 

MAC chip for subsequent protein analysis. At the time of study, no previous research had been 

conducted to estimate FOXO3 protein content in viable single cells from nasal MLF and 

therefore, we were motivated to fill the gap by establishing the healthy baseline for the 

biomarker level in single epithelial and CD3+ T-cells. The obtained results imply that the newly 

established platform could be effectively used for the protein analysis in single epithelial and 

CD3+ T-cells from nasal samples. 

6.2 Future work 

6.2.1 Strategies for MAC chip analysis improvement 
Although the presented data was obtained by analysing one protein at a time, the MAC 

chip device allows measurement of multiple analytes simultaneously. The number of targets 

measured at the same time is, however, limited by the available TIRF channels. Our setup is 

equipped with four excitation wavelengths and the 4.5nL MAC chip design can maximally 

accommodate up to four microspots. Thus, the currently utilised system potentially enables a 

parallel screening of up to 16 different proteins on the individual cell basis. However, the 

structural modifications of the MAC chambers can possibly increase this number to Nspots×Nλ 

where Nspots and Nλ are the numbers of spots and excitation wavelengths, respectively. The 

MAC chip multiplexing experiments have been previously conducted in the group to 

concurrently assess p53 and its phosphorylated counterpart in cells from disaggregated tumour 

xenografts 24. Additionally, the employment of quadruplexed MAC chip carried out a parallel 

evaluation of c-Jun, two phospho-c-Juns, and AP-1 in different model cell lines. The ability to 

concurrently measure proteins and their PTM modified equivalents would move the single cell 

proteomics field from abundance-based models to more dynamic representative assays189. For 

example, the simultaneous monitoring of upstream proteins like PI3K and Akt along with 

FOXO3 would help in better understanding of the mechanism of FOXO3 regulation and the 

factors disturbing this biochemical pathway. Therefore, a future direction should be the 

development of a robust multiplexed assay with the specific signal significantly higher than 

the present background noise. 
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High sensitivity and high affinity assays are required for a parallel monitoring of multiple 

analytes on the MAC chip. As it was demonstrated in Chapter 3, the development of 

immunoassays is complicated by the search for well-performing antibody pairs which is time 

consuming and costly. Additionally, the ideal system for multiplex assays must have low cross-

reactivity and high stability. The group has explored double-stranded DNA (dsDNA) as a 

substitute to immobilised antibodies to measure active DNA-binding form of FOXO1 protein. 

The dsDNA-antibody assay proved to be a more favourable system than FOXO1 antibody-

antibody assay showing a stable performance even after several months of microarray 

dispensing. This assay has been successfully applied to evaluate active FOXO1 expression in 

single cells of clinical samples like lung resection and sputum. Other alternatives to antibody 

and dsDNA application and exploitation of are aptamers and affimers. Aptamers are short 

single-stranded sequences of oligonucleotides that bind proteins with high sensitivity and 

affinity 190,191. The production of aptamers is easy, cheap, fast and animal free in ccontrast to 

antibody production 4. The molecules can be conjugated with linkers or fluorescent tags. 

Affimers, in turn, are small binding proteins whose dissociation constants are similar or higher 

than those of antibodies 4. Due to their small size, the immobilized aptamers or affimers spots 

have more active binding sites resulting in higher signal. Unlike antibodies, these binding 

molecules are stable, non-toxic and not immunogenic agents that makes them ideal candidates 

for therapeutic, in vitro and in vivo biomedical studies 192. The non-antibody capture agents 

have been employed in laboratory research, clinical diagnostics and therapy of cancer and 

cardiovascular and viral diseases 4. For example, Gold et al. showed in the clinical study of 

chronic kidney disease (CDK) the utility of an aptamer-based assay to identify two well-known 

CDK biomarkers and additionally screen 58 potential candidates for CDK biomarkers 193. 

In Chapter 4, the experiments were performed to investigate the effect of chemical lysis 

on FOXO3 level. Interestingly, the chemical lysis resulted in the protein signal increase in all 

the tested cell lines relative to the optical cell breakdown. This observation was attributed to 

the ability of the chemical lysis buffer to dissociate the protein complexes which otherwise 

retain the FOXO3 bound to the binding partners and disable the biomarker detection. As the 

RIPA buffer releases FOXO3 from its complexes, there is higher concentration of the analyte 

in the solution available for the assay system to sense and detect. The data collected with optical 

and chemical lyses presumably revealed the abundance of the FOXO3 in different states- free 

and total, respectively. Having shown the feasibility of implementing chemical lysis on the 
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MAC chip, the obvious future prospect should be coupling both breakdown methods in one 

experiment to facilitate the simultaneous measurement of free and total FOXO3 expression at 

a single cell level. The starting point for such experimental design (Figure 66) would be to 

perform the single cell protein analysis as described in Chapter 3 followed by using Method 2 

(outlined in detail in Chapter 4) to deliver chemical lysis buffer into the analysis chambers and 

subsequently incubate the system for 2 hrs. The apparent advantages of this experiment are: 

• The simultaneous data obtaining on free and total FOXO3 content per single cell. This 

information collection can potentially help to monitor the dynamics of the protein 

regulation identifying harmful interruptions in the process.  

• This method enables a rough estimation of the protein fraction bound to its co-

interacting partners. The direct measurement of the bound FOXO3 fraction presents a 

challenge that partially stems from an incomplete knowledge of the protein co-binding 

partners along with their binding sites. Even if the full list of the binding proteins was 

established the acquisition of expensive reagents specific to the partners would be 

required. Additionally, measuring simultaneously the full library of FOXO3 bound 

complexes is most likely to be beyond the scope of the MAC chip multiplexing 

capacity. Therefore, the simplest way to find the bound FOXO3 fraction is to 

retrospectively calculate the difference between the measured free and total protein 

levels.  

• Combining two experiment in one. The fusion of two tests in a single analysis would 

require in total less time and reagents than one would spend performing separate 

experiments for optical and chemical lysis, Figure 66. 

 

Figure 66 MAC chip workflow to quantify free and bound FOXO3 protein in single cells: a) XY-coordinates of printed 

spots are recorded and the platform is filled with the background solution. b) the cellular solution is loaded into the 

main channel and the cells of interest are optically trapped into the MAC analysis chambers. c) the coordinates of spots 

are imaged under TIRF to measure the background signal. The cells are optically lysed and the signal is then imaged 
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under TIRF for 2 hr every 30-60 min. d) The RIPA buffer is introduced into the MAC chambers as described in 

Chapter 4 and the signal is imaged under TIRF for another 2 hr every 30-60 min. 

6.2.2 Alternative ways for CTCs interrogation 
The attempts to develop a composite setup to isolate and analyse CTCs from blood of 

individuals with metastatic cancer were not successful. However, several novel approaches 

have emerged and been developed to capture and analyse CTCs during this current study.  

The inertial focusing–enhanced microfluidic CTC capture platform, termed CTC-iChip 

was reported to capture rare circulating cancer cells with 90% efficiency and 98% purity. The 

platform has been demonstrated to sort CTCs from magnetically labelled cells in whole blood 

194. The iChip integrates sequential pre-processing steps in a single device replacing bulk RBC 

lysis and centrifugation, hydrodynamic sheath flow in flow cytometry, and magnetic-activated 

cell sorting (MACS). The microfluidic on-chip functions involved in CTCs extractions are: i) 

sorting out the white blood cells and CTC from blood matrix using deterministic lateral 

displacement ii) inertial focussing of the separated target cell fraction into a single line iii) 

deflection of magnetically tagged cells into a reservoir. The CTC-iChip has been tested in 

patients with prostate cancer to retrieve the EpCAM+ CTCs for further RNA-based analysis. 

Also, the device was employed to isolate EpCAM- CTCs from bloods of patients with 

metastatic breast and melanoma cancers 194. 

Another microfluidic device which combines aqueous phase partitioning with inertial 

focusing (APPI chip) has been demonstrated to efficiently separate red blood cells (RBCs) 

from nucleated cells (WBC and CTCs) with >99% efficiency and 94% efficiency. This is a 

high throughput method whose isolation principle is based on inertial focusing effects and 

differences in surface energy. The sample and dextran (DEX) solutions were simultaneously 

introduced into a microfluidic channel so that a thin stream of sample occupied the center of 

the channel with a DEX stream flanking on both sides. The partition of the sample occurred 

due to the RBC migration into the DEX phase with the nucleated cells remaining confined to 

the center stream. This microfluidic device can substitute for the RBC lysis method as well as 

commonly used techniques to fractionate whole blood by the density gradient centrifugation 

resulting in significantly lower target cells loss and higher purity 195. 

There are two potential ways in the future to combine the scientific advancements 

presented by the fore-mentioned groups with our work to enable protein analysis in live CTCs. 
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The first option is to modify the structures of iChip or APPI devices by introducing the region 

with Guan traps and MAC chambers to concentrate CTCs and subsequently interrogate them 

for protein content at a single cell level, provided the chip integrity problems are resolved. The 

ability to perform isolation, trapping and analysis of CTCs within a single platform would allow 

a high throughput analysis with a decreased loss of rare cancer cells. Alternatively, it will be 

possible to perform the analysis of the CTCs using a multi-step sample processing using three 

individual microfluidic platforms: 1) CTCs separation via iChip or APPI device 2) CTCs 

hydrodynamic trapping and concentrating on spinning top chip 3) protein analysis using the 

MAC chip. 

6.2.3 Directions for further COPD research 
Although the sputum sample analysis was implemented to measure FOXO1 transcription 

factor in single epithelial and CD3+ T-cells, the abundance of FOXO3 protein was impossible 

to measure due to clinical samples deficiency. Nevertheless, it is important that future research 

investigates FOXO3 expression in sputum of both COPD+ and healthy individuals because 

this protein is believed to be an informative biomarker for COPD development and progression. 

Also, follow-up studies are necessary to validate the proof of concept analysis extending the 

number of donors. The clinical picture of COPD includes extensive diversity of symptoms and 

hence, it is expected to observe discernible FOXOs expression between different ill patients 

whose biomarkers levels might presumably be correlated with various symptoms. FOXOs 

analysis in samples of larger patient groups will help to validate the diagnostic and prognostic 

capacity of the established MAC assays. 

The generation of sputum in lungs of ill subjects occurs in proximity to the lesion site. 

Thus, the sputum expectorated by a COPD+ patient represent anomalies of bioprocesses in the 

lower airway tract. The inhalation of noxious substances is proposed to be one of the causative 

factors promoting development of the respiratory diseases. The frontline to the toxic stimuli 

exposure is, however, an upper airway respiratory tract (e.g. nasal cavity, pharynx, larynx). 

Therefore, the FOXO1 and FOXO3 analysis in nasal samples of ill and healthy groups might 

shed some light on the mechanism of COPD development at early stages. The data collected 

in the present research demonstrates the successful performance of our newly established 

method to quantify FOXO3 protein in nasal cells from healthy volunteers (Chapter 5). We hope 

to further expand the study to measure FOXOs in nasal samples of both ill and healthy donors. 

Also, it is crucial to determine if the inflammation processes in upper respiratory tract can 
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reflect those occurring in lower respiratory tract. This is a vital question for future research 

how to identify whether nasal cells could be validated as a surrogate for the bronchial cell 

analysis. This could be attained by comparing FOXOs expression between nasal and sputum 

samples sourced from COPD+ and control groups. 

Intriguingly, the analysis of nasal samples suggested a gender effect on FOXO3 content. 

Although more samples are needed to be analysed to validate this observation, the presented 

data showed a statistically significant difference in signal of CD3+ T cells between two 

populations of samples for males and females. A gender effect has been previously reported in 

literature where the baseline level of nasal mucosal IL-8  has been found to be higher in men 

than in women 188. These observations suggest that a FOXO3 level considered to be healthy 

for men might actually indicate pathological processes for women. Therefore, the data 

generated from the nasal samples analysis was used to train the LDA model to classify the 

input data into gender categories. Future studies should be devoted to extending the 

classification model capacity which would then predict the health status of a person based on 

the FOXO3 abundance in epithelial and CD3+ T cells. This objective will be possible to 

achieve, only if there is enough data collected from nasal samples of ill and healthy females 

and males. Also, since the group has elaborated other assays to quantify different proteins in 

single cells, it is probable that the multiplexed assays could be used to produce 

multidimensional data sets including signal abundances for several proteins which might be 

effectively used by LDA model to more accurately relate the datapoints to specific categories 

as well as to determine the biomarkers’ potential to indicate the severity or presence of the 

disease. 

6.3 Summary 
Our current research addresses the importance of single cell proteomics and demonstrates 

analytical capacity of the MAC-based technology as a tool to study human cells on an 

individual basis. Although the attempts to develop a multi-step platform to capture and analyse 

CTCs from blood samples were not successful, the results obtained propose a route for future 

experimental studies.  

A novel MAC assay was established to quantify the FOXO3 senescence biomarker 

expression in model cell lines, and clinical or clinically relevant samples. The methods that we 

developed to extract target cells from clinical samples, measure protein level with MAC chip 



182 

 

and analyse the collected data is an important contribution in the field of single cell proteomics, 

cancer and COPD studies. The study investigated the effect of different lysis methods on 

FOXO3 retrieval on chip which in future will provide information on the protein content in 

different states; unbound and total. The MAC chip was also successfully employed to measure 

FOXO1 or FOXO3 in samples from upper and lower respiratory tracts. We believe that the 

work in this thesis provides a step forward to understanding of the COPD pathogenesis and 

novel treatment elaboration. 
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Appendix A: Volunteer recruitment  
Wording to be used to recruit volunteers in person  

We are conducting a preliminary study involving the single cell analysis of nasal samples.  We 

have approached you today because we would like for you to take part in this study. If you 

choose to volunteer, your involvement in this study will be straightforward and quick and will 

involve us collecting a nasal sample from your nasal cavity using a non-invasive technique 

called Nasosorption. In order to collect this sample, we will simply insert a small strip of absorbent 

material inside your nasal cavity and apply gentle pressure to the outside of your nose for 60s. 

This will take up the fluid inside your nose like blotting paper. After this, the material will be 

removed, and the sampling will be complete! This form of sampling has been shown to be 

non-invasive and cause minimal discomfort. Placing the paper into the nose can tickle and 

cause your eyes to water but again, this causes minimal discomfort and this technique has 

also been shown to be well tolerated in babies. Once we’ve obtained our sample, we intend 

to process them and analyse them within our microfluidic device in order to determine the 

protein copy number of two proteins of interest within single cells. We have also got a 

participant information sheet that describes the sampling and single cell analysis technique 

in more detail and will hopefully answer any questions you may have about the study and its 

purpose. Please feel free to ask any questions you may have which have not been answered 

in this information sheet. We hope you will be able to volunteer in our study. If you decide to 

volunteer, please get in contact either by email or telephone, both of which are provided on 

the information sheet we have just given to you. Thank you for your time.  
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Appendix B: Consent forms 
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Appendix C: Participant information sheet 
PARTICIPANT INFORMATION SHEET 

  

Healthy Volunteer 

  

  

  

Study Number: XXXXXX 

  

  

  

Full Title: Multiplexed single cell analysis of nasal fluids sampled by 

nasosorption from healthy volunteers.  

  

  

Short Title: SAM (Single cell analysis by multiplex of mucosal fluids) 

  

Principal Investigator: Professor David Klug 

  
Reviewing body: Joint research compliance office (JRCO) 

  

  

You are being invited to take part in a research study.  Before you decide whether to join the study it is important 

for you to understand why the research is being done and what it will involve.  Please take time to read the 

following information carefully and discuss it with others if you wish.   

  

We shall first tell you the purpose of this study and what will happen to you if you take part. 

We will then give you more detailed information about the conduct of the study. 

  Please feel free to ask our staff any questions you may have which are not answered in this 

information sheet. If you decide to take part in the study you will be asked to sign a consent form and 

will receive a copy of this for your own records. 

What is the purpose of the study? 

The aim of this study is to develop methods for the study of single cells in the fluid that is present on the surface 

of the nasal passages (nostrils). This nasal fluid is collected by nasosorption (NS) that uses a soft swab to absorb 
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fluid directly from inside the nostril. The absorbent material consists of a Synthetic Absorptive Matrix (SAM), 

and this absorbs the nasal fluid that contains a few cells. In the laboratory the cells are then removed and studied 

as individual cells: by single cell analysis. This will enable us to study molecules within nasal cells from healthy 

people. In the future, we hope to compare results on cells from this study with cells from volunteers with diseases 

like asthma and cigarette smoking-related diseases. 

 Why 

have I 

been 

invited? 

 You have been invited to take part in the study because you are a member of Imperial College. You will be 

assessed to determine if this study is suitable for you.  

We also need participants to meet the criteria below. Please see the list of criteria below and make sure they are 

applicable to you. 

1. Your age is 18-65 years 

2. Your BMI is between 18 and 39 

3. You have never smoked or you are an ex-smoker or you are a current smoker. If you are an ex-

smoker, you will need to give the doctor details of how much you previously smoked so they can 

calculate your exposure to cigarette smoke. 

4. Medical conditions: you either have no history of any medical conditions or allergy or only have a 

stable well controlled chronic condition that does not affect your lungs. Please discuss this with us 

if this applies to you. 

5. Medications: You are not taking any anti-inflammatory drugs including steroids (in any form), 

statins, anti-histamines or anti-rheumatics. You are happy to stop over the counter medications for 

the duration of the study. 

6. You should not have had a cold in the last 6 weeks.  

7. Women of childbearing age should not be pregnant, planning to get pregnant or breast feeding 

(please see further information below). 

  

If you do decide to take part you will be given this Participant Information Sheet to keep and be asked to sign a 

Consent Form. 
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Do I have to take part? 

You are under no obligation to take part in this study. If you decide not to take part (or if you change your mind 

and wish to withdraw at any point during the study) this will not affect the health care you receive now or in the 

future. The Investigator supervising the research, Professor David Klug, or Imperial College London (who is the 

sponsor for this study) may also stop the study or your participation in the study at any time, for any reason, 

without your consent. A reason will be given to you should this be necessary. 

What will happen to me if I take part? 

You will be one of at least 20 healthy volunteers participating in this study. We will collect fluid from your nose 

for a maximum of 5 times on a single visit. The nasal sampling procedure is described below; 

Nasal lining fluid absorption (nasosorption): We will use a small strip of absorbent material to soak up moisture 

from the inside surface of your nose. The absorptive material will be placed inside your nostril and left for 1 

minute. This gently takes up fluid from your nose like blotting paper. Putting the paper into the nose can tickle 

and cause your eyes to water. However, this does not hurt and our method has been well tolerated in babies, 

children and adults. The paper absorbs fluid and many substances produced by the nasal cells, such as proteins. 

These can then be extracted from the paper and measured in the laboratory. 

How will my samples be processed and stored? 

These samples will be stored anonymously, only identifiable by a sample number with no other personal 

information. Only the researcher will have the code to access them, and your details will be kept anonymous when 

we publish the outcomes of this study. 

After the study has taken place, we will analyse all the samples in order to measure markers of inflammation. We 

may also look at the circulating tumour deoxyribonucleic acid (DNA) and messenger riboxynucleic acid (mRNA) 

components of your samples to assess the proteins produced by cells. The analysis will be performed within 

Imperial College London. We may send samples outside the UK including both within and outside the European 

Union (EU). If so, samples will be sent fully anonymised as per the UK Data Protection Act and the sites will own 

a Human Tissue Authority license. Data protection laws outside the UK vary considerably however your samples 

will be fully anonymised before being sent for analysis.  

What are the possible side effects of any procedures when taking part in this study? 

Inserting the nasal absorptive swab may tickle and be associated with mild discomfort but there are no long-term 

effects. 

What are the possible benefits of taking part? 

The study is designed to determine the reproducibility of our methods and in order to check the reliability of our 

protocols. Thus the main comparison will be between your own samples taken at different times. It is not possible 

to deduce any healthcare or healthcare outcomes from the analysis of the data that we will collect from your 

samples.  

What if something goes wrong? 

If you have any reaction to the sampling procedure we will want to know all about this immediately.  

Please inform a member of the study team if you experience any discomfort during or after any procedures carried 

out as part of this study. Contact details are available on this document. The safety of our participants is our 

priority and we will take every precaution and action necessary to ensure your safety at all times. Imperial College 

London holds Public Liability (negligent harm) and Clinical Trial (non-negligent harm) insurance policies which 

apply to this trial.  If you can demonstrate that you experienced serious and enduring harm as a result of your 

participation in this trial, you will be eligible to claim compensation without having to prove that Imperial College 

London is at fault. If the injury resulted from any procedure which is not part of the trial, Imperial College 
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Healthcare London will not be required to compensate you in this way. Your legal rights to claim compensation 

for injury where you can prove negligence are not affected.  

Please contact the Principal Investigator if you would like further information about the insurance arrangements 

which apply to the trial. 

What will I have to do? 

We would like you to adhere to the medication restrictions outlined above. 

We would like you to contact us if you become unwell for any reason or have any health issues during the study, 

even if you don’t think these are related to treatment.  

Information for women of child-bearing age 

Pregnant and breast-feeding women may not participate in this study.  

Am I paid for taking part in this study? 

We do not pay people specifically for taking part in the study. However, we will cover any costs for your travel, 

and you will be reimbursed for the time you donate to the study. 

Will my taking part in this study be kept confidential? 

All information which is collected about you during the course of the research will be kept strictly confidential. 

Some parts of the data collected for the study may be looked at by the representatives of regulatory authorities 

and by authorised people to check that the study is being carried out correctly.  Any information about you which 

leaves the department will have your name and address removed so that you cannot be recognised from it. The 

Investigator and designated hospital staff are the only people with access to the information linking this code to 

your name. You also have the right to see any information collected from you and to request the correction of any 

errors (if any) you may find. Procedures for handling, processing, storage and destruction of their data are 

compliant with the Data Protection Act 1998. Under the General data protection regulation (GDPR) laws, Imperial 

College London, as the sponsor for this study, is the controller of your personal data. We will be using information 

from you in order to undertake this study. This means that Imperial College London are responsible for looking 

after your information and using it properly. Imperial College London will keep identifiable information about 

you for 15 years after the study has finished in relation to data subject consent forms and primary research data.  

Further information on Imperial College London’s retention periods may be found at 

https://www.imperial.ac.uk/media/imperial-college/administration-and-support-services/records-and-

archives/public/RetentionSchedule.pdf. 

Your rights to access, change or move your information are limited, as we need to manage your information in 

specific ways in order for the research to be reliable and accurate. If you withdraw from the study, we will keep 

the information about you that we have already obtained. To safeguard your rights, we will use the minimum 

personally-identifiable information possible.  

You can find out more about how we use your information from the Principle investigator of this study, Professor 

David Klug.This research does not affect your care/treatment and so there is no requirement to inform your GP 

of your participation. 

As a university we use personally-identifiable information to conduct research to improve health, care and services. 

As a publicly-funded organisation, we have to ensure that it is in the public interest when we use personally-

identifiable information from people who have agreed to take part in research. This means that when you agree to 

take part in a research study, we will use your data in the ways needed to conduct and analyse the research study. 

https://www.imperial.ac.uk/media/imperial-college/administration-and-support-services/records-and-archives/public/RetentionSchedule.pdf
https://www.imperial.ac.uk/media/imperial-college/administration-and-support-services/records-and-archives/public/RetentionSchedule.pdf
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Health and care research should serve the public interest, which means that we have to demonstrate that our 

research serves the interests of society as a whole. We do this by following the UK Policy Framework for Health 

and Social Care Research. 

INTERNATIONAL TRANSFERS 

There may be a requirement to transfer information to countries outside the European Economic Area (for example, 

to a research partner). Where this information contains your personal data, Imperial College London will ensure 

that it is transferred in accordance with data protection legislation. If the data is transferred to a country which is 

not subject to a European Commission (EC) adequacy decision in respect of its data protection standards, Imperial 

College London will enter into a data sharing agreement with the recipient organisation that incorporates EC 

approved standard contractual clauses that safeguard how your personal data is processed. 

CONTACT US 

If you wish to raise a complaint on how we have handled your personal data or if you want to find out more about 

how we use your information, please contact Imperial College London’s Data Protection Officer via email at 

dpo@imperial.ac.uk, via telephone on 020 7594 3502 and via post at Imperial College London, Data Protection 

Officer, Faculty Building Level 4, London SW7 2AZ. 

If you are not satisfied with our response or believe we are processing your personal data in a way that is not 

lawful you can complain to the Information Commissioner’s Office (ICO). The ICO does recommend that you 

seek to resolve matters with the data controller (us) first before involving the regulator. 

What if I want to complain about any aspects of the study or staff involved?  

If you would like to complain about any aspects of the study or study staff, you can contact: 

Professor David Klug 

Department of Chemistry 

Imperial College 

London, SW7 2AZ 

Email: d.klug@imperial.ac.uk 

Telephone: 020 75945806 

Imperial College London will keep your name, contact details and personal information confidential and will not 

pass this information. Imperial College London will use this information as needed, to contact you about the 

research study, and make sure that relevant information about the study is recorded for your care, and to oversee 

the quality of the study. Certain individuals from Imperial College London and regulatory organisations may look 

at your medical and research records to check the accuracy of the research study. Imperial College London will 

only receive information without any identifying information. The people who analyse the information will not 

be able to identify you and will not be able to find out your name, personal information or contact details. 

When you agree to take part in a research study, the information about your health and care may be provided to 

researchers running other research studies in this organisation and in other organisations. These organisations may 

be universities, NHS organisations or companies involved in health and care research in this country or abroad. 

Your information will only be used by organisations and researchers to conduct research in accordance with the 

UK Policy Framework for Health and Social Care Research. 

This information will not identify you and will not be combined with other information in a way that could identify 

you. The information will only be used for the purpose of health and care research, and cannot be used to contact 

you or to affect your care. It will not be used to make decisions about future services available to you, such as 

insurance. 

mailto:d.klug@imperial.ac.uk
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Where there is a risk that you can be identified your data will only be used in research that has been independently 

reviewed by an ethics committee. 

What will happen to the results of the research study? 

The anonymous results will be analysed and, depending on the quality of the data collected, will form part of a 

publication in a scientific journal. We will be happy to produce, at your request, a straightforward overall summary 

of the results after the study has finished. 

Who is organising and funding the research? 

This study is funded by the Engineering and Physical Sciences Research Council (EPSRC) and sponsored by 

Imperial College London. 

Who has reviewed the study? 

This study was given a favourable ethical opinion by the Joint research compliance office (JRCO) 

Contact for Further Information 

If you have any queries, please do not hesitate to contact Professor David Klug. 

Professor David Klug 

Department of Chemistry, Imperial College London, SW7 2AZ 

Email: d.klug@imperial.ac.uk 

Telephone: 020 75945806 

  

You will be given a copy of the written information and signed Informed Consent form to keep.  

A copy of this written Participant Information Sheet and your signed Informed Consent form will be given to you 

to keep.   

  

mailto:d.klug@imperial.ac.uk

