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Abstract  

	 Cystic fibrosis (CF) is the most common genetic protein disorder. Hundreds of different 

mutations may be responsible for causing the disease, but the most common is F508del. This 

mutation affects a gene responsible for the production of cystic fibrosis transmembrane conductance 

regulator (CFTR) protein, resulting in misfolding and premature degradation of F508del-CFTR. Since 

this ion channel is affected the secretions become thicker and more viscous which causes dysfunction 

of external secretion glands of different organs. 

 In this work, a microfluidic device for personalized therapy of CF has been developed. It was 

chosen to use this attractive technology instead of conventional laboratory techniques due to 

considerably advantages to cell culture and as it allows achieving complete protocols in a single chip 

of smaller dimensions. 

 Thus different chips were developed to allow immobilization and culture of CFBE cells. With 

the control of a variety of conditions like physicochemical conditions, contamination, without bubbles 

and with a continuous perfusion of medium it was possible to culture the cells during 72h without any 

microbiological contamination and with an acceptable percentage of viability. 

 With these developments, now it’s possible to manipulate and apply different strategies to see 

the response of CFBE cells and in this manner see what is the best treatment take into account the 

features of each patient. Have the potential to open a new era of precision medicine and personalized 

health in patients with CF, transforming the way as each of us understand our own health and the way 

in which medicine is practiced.  

 

Keywords: Cystic Fibrosis, CFBE cells, CFTR protein, Microfluidics, Cell Culture. 
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Resumo  

 A fibrose quística (FQ) é uma doença genética onde centenas de mutações podem ser 

responsáveis por provocar a doença, no entanto a mais frequente é a F508del. Esta mutação afecta o 

gene responsável pela produção da proteína Cystic Fibrosis Transmembrane Conductance Regulator 

(CFTR), resultando numa anormal maturação e degradação. Visto que este canal iónico se encontra 

afetado as secreções tornam-se mais espessas e viscosas provocando a disfunção das glândulas de 

secreção externas de diferentes órgãos. 

 Neste trabalho, um dispositivo microfluídico para a terapia personalizada da FQ foi 

desenvolvido. Escolheu-se usar esta tecnologia atrativa invés das tradicionais técnicas de laboratório 

devido à variedade de vantagens para a cultura de células e por permitir a criação de  protocolos 

complexos numa simples chip de pequenas dimensões.  

 Diferentes chips foram desenvolvidos de modo a permitir a imobilização e cultura das células 

CFBE. Devido ao controlo de condições físico-químicas, contaminação, aparecimento de bolhas e a 

uma perfusão contínua de meio foi possível manter as células em cultura durante 72h sem qualquer 

contaminação e com percentagens razoáveis de viabilidade.   

 Os desenvolvimentos feitos ao longo deste trabalho permitem agora manipular e aplicar 

diferentes estratégias de modo a estimular as células CFBE e desta forma ver qual o tratamento que 

mais se adequa a cada paciente tendo em conta as suas características. Tem o potencial de começar 

uma nova era na saúde personalizada em pacientes com FQ e assim transformar a forma como cada 

um de nós vê a sua própria saúde e como a medicina é praticada. 

  

 

Palavras-chave: Fibrose Quística, Células CFBE, Proteína CFTR, Microfluídica, Cultura de Células 
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1.  Introduction  

 This work focuses on the development of a microfluidic system "lab-on -a-chip" to cell culture 

for the investigation of biological processes, namely a system to assess the correctness of the CFTR 

protein traffic in samples of nasal epithelium of patients with cystic fibrosis. 
 This first chapter describes some fundamental points of cystic fibrosis, as well as an overview 

of theoretical aspects about microfluidics devices. 

 

1.1  Cystic Fibrosis 

 CF is an autosomal recessive disease that affects the chromosome 7. This disease affects 

both sexes, with a higher prevalence in Caucasians of Northern European descents. People with CF 

have inherited two copies of the defective CF gene, one from each parent. On the other hand, people 

who have only one copy of the defective CF gene are called carriers and they don’t express the 

disease. 

 

 

Figure 1-1 Schematic diagram that show different hypothesis taking into account the amount of copies of 
the defective CF gene that pass from parents to children. Adapted from Cystic Fibrosis UK organization. 

 

 CF it was first described in 1938 by Dr. Dorothy Anderson as "cystic fibrosis of the pancreas" 

to be associated with a cystic dilation of the pancreatic ducts. Only IN 1989, it was discovered and 

isolated the gene responsible for CF, located on the long arm of chromosome 7, responsible for 

encoding the protein CFTR. This glycoprotein functions as an ion channel in the apical membrane of 

epithelial cells that regulates the passage of chlorine across cell membranes. Other cellular functions 

of CFTR are: the regulation of other ion channels, exocytosis functions and formation of molecular 

complexes in the plasma membrane, which may help explain symptoms and complications of CF.[1] 

 In CF, the most common mutation that leads to the absence of functional CFTR protein is the 

deletion of phenylalanine at position 508 (F508del), which affects about 85% of all CF patients. In this 

mutation, the aberrant CFTR protein is produced, but doesn’t suffer the process of maturation and 

migration to the apical membrane, staying retained in the endoplasmic reticulum (ER) and degraded 
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later. Leading to a defect in the ionic transport, resulting in the accumulation of a layer of viscous and 

thick mucus in the epithelial surface of several organs, most notable the airways. Which can cause 

obstruction and bacteria multiplication in lungs, pancreas, tract gastrointestinal, sweat glands and 

reproductive system. In addition, sweat, parotid and salivary glands secrete liquids with a higher salt 

content than normal, i.e. [𝐶𝑙] > 60 𝑚𝑚𝑜𝑙/𝐿. [2], [3] 

 

1.1.2 Medical Therapies  

 There is no cure for CF, the existing therapies serve only to prevent and alleviate the 

symptoms and consequent complications. The treatment is based on a regular treatment routine that 

includes airway clearance, medication, physical activity mainly to improve lung function and good 

nutrition. The treatments can also include lung transplantation, gene therapy to correct the defective 

the gene or CFTR modulator therapies.  

 The intention of this work is to use and enhance then the potential of the CFTR modulators 

to treat CF. The CFTR modulator therapies are small molecules designed to correct only the function 

of the defective protein CFTR. One example of this is the Lumacaftor (VX-809), a drug approved by 

U.S Food and Drug Administration (FDA) that facilitate the trafficking of defective CFTR proteins. This 

compound changes the conformation of the defective protein, allowing those to reach the cell 

surface.[4][5]  

 

1.1.3 Cystic Fibrosis Bronchial Epithelium (CFBE) 

 The morphology of the cells in culture, namely their shape, appearance and healthy status are 

important to understand and to perform successful cell culture experiments.  

 The CFBE cells, the cells used in this work, are a cell line generated by the transformation of 

bronchial epithelial cells from F508del-homozygous CF patients, which make them an excellent 

preclinical model of CF with high biomedical predictive value. This mutant cell line expresses the 

CFTR protein with FLAG tag (extracellular) and mCherry (N-terminal), with the CFTR protein not 

capable to migrate to the cell surface.[6], [7]  

	
	
Figure 1-2 Schematic representation of the CFTR traffic reporter construct. The topology of CFTR 
molecule showing the two membrane-spanning domains (MSD), the two nucleotides binding domains (NBD) and 



	
3 

the regulatory domain (R Domain). F508 locates in the first NBD domain. mCherry, a fluorescent protein, fused to 
the N-terminus of CFTR. Adapted from [6] 

The microscopy images below show the morphology of CFBE cells in suspension in different stages of 

the normal evolution (figure 1-3). They are spherical in shape with a regular size around 10 𝜇𝑚, which 

makes them exceptional for the formation of monolayers.  

	

Figure 1-3 Normal aspect of CFBE cells. The first image correspond to CFBE cells before the adhesion, in 
the second image the cells in a confluence state and finally in a sub-confluence state. 

	

1.2  Microfluidics 

1.2.1 Basic Principles 
 
 Microfluidics is a technology characterized by the study and engineered manipulation of fluids 

using channels with dimensions in the scale of sub-milimeters. In the last years, the microfluidic 

devices have received more attention and developments, because of their potential applications in 

various fields, including biology and medical research as well as due to its variety of advantages and 

so few disadvantages associated. The microfluidic devices offers a quickly and low cost analysis, 

capabilities in the control of the spatio-temporal dynamics of the cell microenvironment, real-time data 

acquisition, reduced reagent consumption, automation, allow the integration of multiple components 

as sensors and miniaturize sample preparation. The quantity of waste products is also reduced. The 

high surface-area-to-volume (SAV) associated to microfluidic devices can lead to an advantage and 

also to a drawback. In terms of advantage, allows gas exchange by diffusion and the main 

disadvantage associated with cell assays is that the high surface-area-to-volume (SAV) ratio of 

microchannels combined with a hydrophobic material like PDMS enhances the adsorption of 

molecules onto channel walls, thereby reducing the effective concentration of reagents.[8] 

 The flow of a fluid through a microfluidic channel is commonly characterized by the Reynolds 

number: 

 

Re =
ρvL
µ

 
(1.1) 
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The Re is a dimensionless quantity proportional to the density of the fluid (𝜌), velocity inside the 

channel (𝑣) and to the length of the channel (𝐿) and it is inversely proportional to the fluid viscosity 

(𝜇). It describes the ratio of inertial to viscous forces in a fluid and depending on the quantity it is 

possible to distinguish two types of fluid flow: laminar and turbulent. In microfluidics systems, due to 

low flow velocities and small dimensions the Reynolds number generally is less than 2000, which 

implies a laminar flow.[9] In this flow regime the viscous interaction between the wall and the fluid is 

strong, there are no turbulences and is characterized by a smooth and constant fluid motion. A 

consequence of laminar flow is that when two or more streams flowing in contact with each other will 

not mix except by diffusion.[10], [11] 

 

1.2.2 Materials for Microfluidic devices 

 The microfluidic devices can be fabricated using different materials including silicon, glass, 

polymers or a combination of these materials. Starting with silicone, it presents some advantages such 

as: good mechanical properties, superior thermal conductivity, excellent chemical resistance and well 

characterized processing techniques. However, the major disadvantage of silicon that is opaque to 

visible and UV-light, which is incompatible with microscopy methods. Glass is another alternative with 

well-defined surface chemistries, good electro-osmotic flow (EOF) and contrarily to the silicon 

presents excellent transparency. The glass and silicon generally have costs, labor and time less 

attractive for use in microfluidic devices than polymers and elastomers. Concerning the polymers, 

different polymers can be used, however the most used is Poly(Dimethysiloxane) (PDMS), due to their 

attractive features, namely its elastomer properties, gas permeability, optical transparency, 

biocompatibility, low cost, the simplicity of fabrication and finally a important feature for this work is the 

non-toxicity to proteins and cells.[12], [13] The major issues with PDMS microfluidic devices are their  

hydrophobicity, water permeability and evaporation that can lead to reduction of cell medium and in 

addition insufficient cell adhesion. Nevertheless these issues can be easily overcome with the use of 

ECM proteins, surface treatments or with the use of humidifiers. 

 

1.2.3 Micro-fabrication 

 There are different well-established microfabrication techniques that can be used to construct 

microfluidic devices. The most common technique to build systems in PDMS uses soft lithography. It 

encompasses a collection of fabrication approaches to rapid prototyping of mechanically soft materials 

in microscale and nanoscale.[13]–[15] The main idea behind this approach is described in figure 1-4. 
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Figure 1-4 General process of PDMS soft lithography. Adapted from [13] 

	
	

1.3  Bio-Chips 

	
 Microfluidic technology allows the construction of devices containing components with 

different functionalities, which create the opportunity for biologic research, leading to the idea of an 

entire “lab on a chip”. The features and advantages of this technology have opened the doors for an 

increasing number of applications as: drug screening, enzymatic and proteomic analysis, flow 

cytometer, immunoassays, chromatography, cell analysis, DNA analysis (PCR and nuclei acid 

sequence analysis), cell culture studies, single-cell manipulation, drug delivery, diagnostic therapy and 

electrophoretic separations.  

 One example of these types of application is the innumerous devices and studies for single 

cell manipulation that have been developed until now. Can be highlighted the work of Wheeler and 

colleagues, in which they developed a microfluidic device that enables the passive and gentle 

separation of a single cell from the bulk cell. It is a device with integrated valves and pumps enable the 

precise delivery of reagents to that cell (Figure 1-5 (A)). Various applications were demonstrated, 

including cell viability assays, ionophore-mediated intracellular Ca2+ flux measurements, and 

multistep receptor-mediated Ca2+ measurements.[16] 

 The device developed by Zhang and colleagues has eight semi-circular microsieves in each 

cell culture chamber to trap the cells for a continuous cell culture. It is a simple device without valves, 

where the non-trapping cells are discarded through the outlet channel (Figure 1-5 (B)).[17] 
 Another example is a microfluidic device with microneedles to active and localized delivery of 

drugs in preprogrammed and small quantity that was developed by Kochhar and colleagues. This 

system facilitates the administration of drugs with short half-life, improves quality of life and patient’s 

comfort once provide a painless drug delivery (figure 1-5 (C)).[18] 

 In terms of diagnostic application, a microfluidic for that aim allows to do the diagnostic test 

near the patient without needing a clinical lab, providing rapid results, parallelized sample processing 
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and consequently rapid intervention. Different microfluidic diagnostic devices have been developed 

until now, some are examples devices for HIV diagnosis, pathogen detection, blood analysis, a chip to 

measure glucose and protein in urine or accurate diagnosis of tuberculosis.[19] 

	
Figure 1-5 Examles of microfluidic devices used for cell-based applications. (A) Single-cell analysis device 
with valves and pumps, where R’s are reactant inlets, SB and FB are the buffer inlets, P’S the pumps and V’S the 
valves. (B) Microfluidic cell culture with semi-circular sieves to trap the cells. (C) Microfluidic device for active 
delivery of drugs in a trandermal way. (D) Microfluidic device for tuberculosis detection, where DNA extrated from 
sputum samples is amplified in the chambers on the left. Tuberculosis-specific sequences are magnetically 
labeled in the microfluidic mixing channels in the center and detected by passage through the micro-NMR coil in 
the right. Adapted from [16]–[19]. 

	
 The current challenges of bio-chips involves things like industrialization, standardization, 

ethical concerns, more accuracy and reproducibility. Bio-chip technologies are not yet ready for 

commercialization in large-scale, it will be necessary to define better standard fabrication processes, 

specific surface treatments, designs, flow control systems or redefined protocols. They also require 

specific machinery such as electronics or flow control systems to be able to work properly, which 

increases the final size and cost of the overall system.  

	

1.3.1 Cell culture in Microfluidic Devices 

 Cell culture using microfluidic devices is a relatively recent area where the establishment of 

techniques to maintain and grow cells in vitro is still in development. Is a field that requires an 

understanding of different areas, including biochemistry, engineering, physics and biology. Changes in 

device material, surface coating, cell number per unit surface area, physicochemical properties (pH, 
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oxygen levels, temperature, and osmolality) and cell type may all affect the outcome of standard 

protocols.[20]  

 

1.3.2 Conditions to maintain the cell culture 

 To understand how to culture cells in a microfluidic environment it’s essential to know the 

elements involved in traditional cell culture and then replicate them to microfluidics.  These elements 

involved physicochemical properties, shear stress, cell adhesion and medium composition. The 

combination of these factors constitutes the cell microenvironment.  

 A cell culture medium serves as the biochemical microenvironment of the culture to support 

the growth and maintenance of cells. It is composed by essential compounds as salts, buffer 

substances and nutrients and supplements such as serum, growth factors, hormones, cytokines, 

aminoacids, vitamins, antibiotics,  antimycotics and sources of energy. Which help in the control of 

some parameters like pH, osmolarity, glucose concentration and also to provide nutrients and growth 

factors, essential to replicate the natural environment of the cells.  

 It is expected that the physicochemical properties of a culture maintain unchanged throughout 

an experiment. The pH, CO2, temperature, osmolality and O2 levels must be measured and 

maintained within the optimal levels. The optimal temperature for cell culture must be selected 

depending on the origin of the cells to culture. For most of mammalian cells, including CFBE cells, the 

temperature should be kept around 37ºC to ensure the maximum chance of survival and growth. The 

temperature and CO2 levels in a microfluidic device can be monitorized from the incubator controls or 

alternatively with a hot-plate in the case of temperature. To maintain the pH in a relatively constant 

range between 7.2-7.4 (the optimal physiological pH for most of mammalian cells) the media normally 

is buffered with sodium bicarbonate (NaCOH3), which is dependent on CO2 concentration or with not 

dependent buffers like 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) or red phenol, 

which is a pH indicator. The sodium bicarbonate is depending on CO2 once is equilibrated with the 

CO
2 contained in the atmosphere according to the next formula: 

 

𝐻!𝑂 + 𝐶𝑂! ⇄ 𝐻!𝐶𝑂! ⇄ 𝐻𝐶𝑂!! + 𝐻! 

Hence it is recommended to use an exogenous CO
2
 in the order of 5%-10% to maintain the 

equilibrium between CO2 and bicarbonate (𝐻𝐶𝑂!!).[21][22] 

 In terms of culture, an effective cell adhesion is essential for a good development of an 

experiment. Cell adhesion is a process mediated by different proteins like cadherins, integrins and 

proteoglycans. These proteins are vital as it allows adherent cells like CFBE to interact with each other 

and with their substrate during its lifetime, maintaining the homeostasis within the tissue. During 

assays is common to coat the cell culture material with pre-immobilized cell-attachment proteins like 

gelatin, fibronectin (FN), laminin, poly-L-lysine or collagen to promote the adhesion of cells.  After the 

seeding of cells in microfluidic culture chamber the cells are allowed to adhere to the substrate in 
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static conditions without nutrients. The duration of this time to attachment may vary between 2h and 

overnight depending on cell type, cell density or culture substrate properties.[23][24]  

 In spite of all the growth of the cells follows the same behavior in traditional and microfluidic 

cases. Where is possible to highlight three different phases: a lag phase, Log/exponential phase and 

stationary phase. 

.  

Figure 1-6 Cell Growth curve. In the lag phase the cells do not grow or grow very slowly, followed by a 
Log/exponential phase. The cell growth curve ends in a stationary phase where the cell proliferation slows down 
due to the cell population becoming confluent. 

	
 The key aspects to regular maintenance of a micro-scale culture include cell seeding density, 

regular changes or a continuous perfusion of culture medium, monitoring of cell growth rates, 

physicochemical conditions, bubbles and contamination.[25]  

 

1.3.3 Advantages and Practical Issues 

 Microfluidic cell culture has a variety of advantages for cell assays over traditional cell culture 

in petri dish, well plates or flasks: There is a design flexibility, which can be adapted taking into 

account the needs of individual cell types; allows greater control of fluid flow in defined geometries; 

miniaturization and high throughput experimentation; real-time analysis and increased sensitivity; 

automation, reduced reagent consumption and single cell handling.[15][26] Microfluidic cell culture also 

includes the ability to more closely mimic a cell natural microenvironment for example by a active 

delivery of nutrients to cells and removal of metabolic waste products over a continuous perfusion.[27] 

Microfluidic cell culture allows the incorporation of biosensors for detection of cell physiological 

parameters in a non-invasive way, providing a faster and accurate analysis. 

 There are many practical issues to designing and operating a microfluidic system for routine 
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culture of adherent cells. Involves many decisions, including the choice of materials, microfluidic 

layout, fabrication process and sterilization technique which must be compatible with the cell type that 

will be used.[23]  

 

	
Figure 1-7 Practical issues of microfluidic culture systems. 

	
	

1.3.4 Cell trapping 

 An important factor to perform live cells assays in microfluidics devices is the need to retain 

cells at defined locations in order to observe their behavior. Different cell trapping strategies can be 

used for this purpose such as optical, chemical, magnetic, electric, hydrodynamics or acoustic 

methods. The most common strategy of achieving cell trapping is through hydrodynamic cell trapping, 

which is no more than variations of surface topography to separate particles from the flow and 

immobilize them on certain regions. The vast majority of existing hydrodynamic methods for particle or 

cell manipulation rely on mechanical obstacles, barriers or regions of low shear stress with dimensions 

adapted to the size of the particles to be captured. Hydrodynamic trapping has the advantages that 

cell immobilization is rapid compared with others trapping strategies and that devices are often simple 

and inexpensive. Moreover it must be emphasized that no additional equipment is required as 

happens with the optical, magnetic or acoustic techniques.[19][20][30] 
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Figure 1-8 Examples of hydrodynamic cell trapping. (A) and (C) Multi-cell hydrodynamic trapping. (B)   
Single-cell hydrodynamic trapping. Adapted from [39] [40] 

 

1.4  Objectives 

 CF is characterized by severe respiratory disease with symptoms affected by a wide range of 

genetic and non-genetic modifiers, leading to a singularity in the phenotype clinical made by each 

patient. Functional characterization ex vivo in patient materials is therefore essential to define an 

effective personalized therapy. Due to these unique features of the disease, the main aim of this work 

was the development of a microfluidic device that can be used for individual assessment of the 

response to correction therapies of the CFTR protein in samples of nasal epithelium of CF patients.  

 The work was divided into 3 main tasks, however 2 of them were made. The first task was the 

development of a microfluidic system, which included a cell entry system, a chamber for cells that 

allows capture and culture of cells, and access micro-channels. The second step comprised the 

insertion, maintenance and incubation with viability the CFBE cells in the system for a period of 3-4 

days, avoiding any microbiological contamination. The third task would be the protein traffic F508del-

CFTR assays with CFBE cells. 
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2.  Materials and Methods 

 This chapter begins by describing the method of preparation of biological samples, followed 

by a sub-chapter with the whole manufacturing process of the microfluidic device. In the last part of 

the chapter the setup used is shown as well as the counting method used. In this chapter are 

described only already pre-defined protocols that did not result of my creation. 

 

2.1  Harvesting of cells 

 The CFBE cells were obtained from working cell banks by thawing followed by Dimethyl 

sulfoxide (DMSO) removal. DMSO, is a cryoprotective agent, which was added to prevent the 

formation of ice crystals during the freezing process, otherwise cells would be destroyed.  

 After thawing, the cells were cultured in T75 cell culture flask using Eagle’s minimal essential 

medium (EMEM) supplemented with 10% (v/v) of fetal calf serum (FBS), 1% of glutamine and 1% of 

antibiotic penicillin-streptomycin (pen-strep). The T75 flask was maintained at 37ºC in 5% of CO2 until 

reaching a confluence between 80%-100%.  

 Once reached the desired confluence (i.e. 80% of cells covering the surface of flask used), the 

culture medium was aspirated and discarded and a similar volume of sterile Phosphate-buffered saline 

(PBS) was added to remove the non-adherent cells. The solution of PBS was removed and the same 

volume of trypsin-EDTA was added to cover the cells at the bottom of the flask. This step with trypsin 

allows an enzymatic dissociation that is used to detach the cells from the surface of the culture vessel 

normally of strongly adherent cells, which is the case of the CFBE cells.  

  The flask was placed in an incubator at 37°C for about 5 min until the adhered cells detached. 

Once dislodged the cells were transferred to a falcon tube with cell medium containing FBS (the FBS 

inactivate the trypsin). The contents of the tube was centrifuged and resuspended. One part of the 

cells was used for the assays and the surplus of suspended cells was again incubated. 

	
Figure 2-1 Cell preparation steps. (A) Cells culture in a T75 flask. (B) The culture medium is discarded and 
a solution of PBS is added to remove the non-adherent cells.  (C) After some minutes PBS is also removed and 
the flask is incubated with Trypsin (D) The content of the flask is removed from the incubator, transferred to a 
falcon tube with cell medium and FBS and centrifuged. (E) The solution is resuspended. 
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Every 2 days the medium of surplus was replaced by fresh growth medium, a procedure that enables 

the further propagation of the cell strain or cell line. The batch of cells was discarded after 15 

passages or in cases of contamination or apoptosis. Finally, the number of cells was checked using a 

hemocytometer. 

 

2.2  Microfluidic Fabrication 

2.2.1 Hard Mask Fabrication 

 The first step in the manufacture of the microfluidic device was to make a design of it, which is 

then used for the fabrication of a hard mask. For such, was used an AutoCAD software, which yields a 

.dxf file with the desired designs as seen in figure 3-1.  

 The generation of a hard mask began by a carefully cleaning of a glass slab with acetone, iso-

propanol (IPA) and deionized water (DI water) followed by a bath in Alconox® (detergent solution) for 

20 min at 65ºC and drying with compressed air. After this, in a clean room the glass substrate was 

introduced in Nordiko 7000 magnetron sputtering system for deposition of 2000 𝐴 of Al on top of the 

substrate. Once deposited Al, a 1,4 µm thick layer of a positive PR was spin-coated onto the substrate 

and then the 2D design was transferred to the PR using the Direct Write Laser machine (DWL). After 

the PR developing, the substrate was immersed into an Al etchant during some minutes until the 

exposed regions are completely dissolved and rising with abundant water. To remove the remaining 

PR, the substrate was washed with acetone, IPA, water and finally dried with compressed air.[33] 

 

2.2.2 Mold Fabrication 

 A substrate of silicon was cleaned using the same protocol previously described for a glass 

slab, with the exception that after the wet treatment the cleaning step finished with a plasma treatment 

of the surface. The rest of mold fabrication was performed in a laminar flow hood to avoid 

contaminations.  

 A negative PR SU-8 50 was spin-coated (2 steps, table 2-1) over the silicon and pre baked at 

65ºC for 3 min. 

 

Table 2-1   Parameters used in the spin coating of SU-8. 

  

 After pre bake, the SU-8 covered silicon substrate was soft baked at 95ºC for 8 min and 

cooled down at room temperature during approximately 2 min. This first bake is done to release the 

residual solvent and also to increase the adhesion of the PR to the substrate, where the PR becomes 

Steps Spin Speed (RPM) Acceleration (RPM/s) Spin time (s) 

Step 1 500 100 10 

Step 2 2300 300 37 
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a solid film covering the substrate. The hard mask previously done was placed on top of the substrate 

with the aluminum facing the PR and exposed to the UV-light. The time of exposure varied depending 

on the complexity of the design, 25 s for the design of figure 3-1 (A) and (B) and 28 s for the others 

designs. Since it was used a negative PR, the exposed areas was cross-linked by radiation and 

become insoluble to the developer.  

 After exposure, the substrate was again baked at 65º for 3 min and then at 95º for 7 min to 

catalyze the reaction of photo-acid initiated by the radiation. After cooling the material, in the 

developing stage the substrate was immersed in a solution of propylene glycol mono-methyl ether 

acetate (PGMEA) during 2 min, washing away the unexposed areas of SU-8. The soft bake and post-

exposure bake were done in two steps in order to avoid drastic temperature changes. 

 To finish, the mold was cleaned with IPA to remove any remaining PGMEA and hard baked at 

150º for 40 min to increase the chemical stability of the photoresist.[33] 

	
 Figure 2-2 General draft of the mold manufacturing process with a negative PR.  (A) Substrate of silicon. 
(B) Spin coating of SU-8 over the silicon substrate. (C) Placing of a hard mask on top of PR. (D) Exposure to UV-
Light. (E) SU-8 after exposure. (F) Final mold after developing with PGMEA. 

 
2.2.3 PDMS Fabrication 

 The preparation of PDMS (SYLGARD 184 silicon elastomer kit) started by mixing a 1:10 ratio 

of a curing agent and PDMS monomers in a disposable plastic cup. The PDMS mixture was stirred 

using a stiff rod until the mixture is homogeneous and with some air bubbles. Then, the PDMS was 

degassed in a vacuum chamber for 1h and the pattern of the PDMS was created by pouring the 

PDMS over the respective mold and baked in an over for approximately 1-2h at 70ºC.  After this, the 

PDMS containing the desired pattern was peeled off from the mold and the holes of inlets and outlets 

were drilled in a polymethyl methacrylate (PMMA) plate using a 20ga syringe needle.[33] 
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Figure 2-3 General scheme of PDMS fabrication.  (A) Final mold.  (B) PDMS is poured over the mold and      
baked.  (C) PDMS peeled off from the mold.  

 

2.2.4 Structure Sealing  

 After the fabrication step of PDMS it’s necessary to make a cover to seal the channels of the 

device, being that this cover can be a glass slide or a slab of PDMS. In this work the channels of the 

device have been closed by bonding PDMS to the surface containing the channels, thus it was made 

a PDMS-PDMS bonding. 

  To make the sealing structures of PDMS, the PDMS was spin coated onto a glass using the 

parameters that are in table 2.2. To cure the PDMS the membrane was baked during 1h at 70ºc.  

Table 2-2   Parameters used to create the PDMS membrane. 

 

Then, was used a PDMS bonding technique, plasma oxidation, to yield a functional device. So, the 

PDMS structure and glass slide with PDMS were placed inside a Harrick Plasma PDC-002-CE with 

the bonding surface face up and were subjected to high energy plasma which strips away electrons on 

the surface, rendering the surface properties of PDMS more hydrophilic.[12] After 1 min of exposure the 

PDMS device was place on top of the glass slide so that the two bonding surfaces to come into 

contact to form a strong bond. One must keep in mind that the surfaces quickly become less 

hydrophilic when exposed to air, so the bonding was made as quickly possible, normally in less than 2 

minutes. 

	
Figure 2-4 Final PDMS microfluidic device. 

	

Steps Spin Speed (RPM) Acceleration (RPM/s) Spin time (s) 

Step 1 8000 300 59 
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2.3  Cell Counting 

 There are two possible ways to acess the number of cells using the image analysis software 

image j: one manual and one automated. Since it is not always practical and faster to count by hand 

an automated method was used. However, this analysis involves different steps that are described 

below. Initially, if the image is a color image (RGB) is necessary to convert to greyscale and to remove 

the background (1).  

  	
Figure 2-5 The left image represent the original image followed by the conversion to greyscale and without 
background in the right image. 

 

Once the image is in greyscale and without background, the threshold of the image is adjusted to 

highlight all of the structures to be counted. This command based on pixel intensity specifies what 

signal should be included in the analysis (2). The next step is to convert to a binary image, which has 

only two pixel values, 0 that is black and 255 that is white. The white areas will not be included in the 

count (3).  

 

  	
Figure 2-6 The first image corresponds to the image after the threshold adjustment and conversion to 
binary image. And the right image is the results of “outline” choice. 
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 Finally the cells are counted using the command “Analyze Particles”, where in the Show 

feature different options can be selected. With the outline choice, all the counted particles appear as 

numbered outlines that correspond to data listed in the “Results” window (4).[34]           

 

	
Figure 2-7 “Results” window that present the final number of cells. 

 

2.4  Experimental Setup 

 The experimental setup consists of the microfluidic device mounted on the stage of an 

inverted microscope (Olympus CKX41) equipped with a camera for image acquisition. The images 

were obtained using the Olympus CKX41 companion software cellSens, recorded with a exposure 

time of 170 ms, gain of 4 dB in a gray scale. 

 A cut off of 200 nm (Whatman FP 30/0,2 CA-S) was used to filter cell medium and FN and the 

obtained liquid was respectively placed in a 10 mL and 1 ml syringe. In the case of medium was used 

a syringe of 10 ml in order to fit the amount necessary for the longevity assays. For the cases of the 

cell suspension, ethanol and dyes for viability assays were also used a 1 mL syringe (CODAN). The 

syringes were topped with a 20-ga blunt needles (INSTECH) and connected to the inlets through a 

BTPE 90 nm tubing (INSTECH), after that were purged to remove any air. A syringe pump (New Era 

Pump Systems, Inc.) was used to deliver fluid into the device. For the adhesion of cells and longevity 

assays an incubator and hot plate were used to maintain the right conditions for the growth of cells. All 

the steps until cell insertion were performed on a sterile workbench to avoid contamination. 
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Figure 2-8 Setup-up used along cell experiments. 

	
	

2.5  Flow rate calibration  

 As mentioned before to avoid the exchange of syringes of cell medium throughout the 

experiments it was necessary to use a bigger syringe of 10 mL. However, the syringes pumps are only 

calibrated for syringes of 1 mL, and as such it was done a manual calibration for syringes of 2,5 mL 

and 10 mL to know the real flow rate of each one. The manual calibration started by the drawing of   

some marks every 1 cm along the entire tube BTPE 90 as shown in figure 2.9, then for different flow 

rates between 0 and 2.5 µl/min were seen the time needed to reach the next mark.  

 

	
Figure 2-9 Method used to do a manual calibration. The tube BTPE 90 with equal dimensions intervals of 
1 cm. 

 

To calculate the real flow rate is also needed to know the volume dispensed, which is in this case a 

static parameter. Considering the tube as a cylinder, to know the volume was only necessary to know 

the inner diameter (ID) of a tube BTPE 90 (𝐼𝐷 = 0,86 𝑚𝑚, Tubing Size Reference Chart) and the 

height that is 1 cm. Thus, knowing all the parameters was then possible to calculate the real flow rate 

using the formula below. 

 
𝑄! =

𝑉
𝑡
=
𝜋×𝐼𝑅!×ℎ

𝑡
 

 

(2.1) 
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The resulting correlation between the real flow rate and the flow rate displayed by the syringe pump is 

shown in figure 2-10. 

 

	
Figure 2-10 Calibration curves for syringes of 1, 2,5 and 10 mL. 

	
 Evaluating the curves and as expected the real flow rate for a syringe of 10 mL is about 10 

times higher than the flow rate displayed by the syringe pump. So, for a flow rate of 1 µl/min for the 

perfusion assays it was necessary to use a displayed flow rate of 0,13 µl/min. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	
19 

3.  Results and Discussion 

 This chapter starts with an explanation of the different designs and trapping mechanisms 

made to have a higher number of trapped cells so as to obtain robust biological results. As well as 

protocols, optimization of the conditions for cell culture of CFBE cells, viability and also explanations of 

the results obtained throughout the work. 
 

3.1  Device design 

 Throughout this work different designs have been used in order to increase the cell capture 

efficiency and address other problems such as bubbles or cross-contamination. The two first designs 

used, figure 3-1 (A) and (B), have a chamber with the same cell trapping, varying only the number of 

inlets. The first design was abandoned not only to prevent cross-contamination as also to avoid the 

exchange of syringes during the experiments that can lead to the appearance of air bubbles in the 

chamber or channels. 

  So after that, in the second design the chamber with the same cell trapping was maintained 

but the microfluidic device now comprised five inlets of 200 nm width connected to a common channel 

that is consequently connected to a chamber and ends in an outlet as seen in figure 3-1 (B). The five 

inlets are dedicated to different solutions as: medium, cell culture, ethanol, FN and to the therapeutic 

agent VX-809. With this design it was decided that the cell inlet is the one farther away from the 

growth chamber and the medium the closest, in order to minimize the effect of any residual cells from 

the inlet area. However, after some experiments of cell introduction it was concluded that the trapping 

mechanism is not the best for the cells used in this work. The problem is related to the increase of 

speed that occurs when fluid reaches the chamber, that prevents the retention of the cells 

appropriately.  

 To overcome this problem a new chamber was designed with a different hydrodynamic 

trapping mechanism. The hydrodynamic trap found in figure 3-1 (C) was designed for the particular 

cells used in this study. The cell barrier includes a set of squares of 100 𝜇𝑚 × 100 𝜇𝑚 with a gap of 5 

𝜇𝑚 between each other, in order to impede the passage of the cells, since they have a ~ 10 𝜇𝑚 

diameter. So, when the cells come into contact with this barrier, they tend to stop and settle near that. 

The only problem of this design is that the flow tends to go only in one direction and the cells tend to 

settle only in the middle of chamber. 

 So, when all the procedures were optimized a new design with a network of channels 

distributed along the chamber was developed in order to increase the number of cells in all the regions 

of the chamber and thus facilitate the visualization of protein during the traffic assays (figure 3-1 (D)). 

In this last design the trapping mechanism was maintained with the exception that the squares are 

larger, maintaining the interval of 5 𝜇𝑚 between each other and the barrier is not localized in the 

middle of the chamber. This was changed to allow a better control of the cells within the chamber and 

to guarantee that the cells didn’t return to the channel when the flow rate is decreased. As expected 
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the quantity of cells in all the region of the chamber increase but the % of cell retention was lower 

compared with the retention in the previous case.  

 After all, the third design was the design that allowed better results. 
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Figure 3-1 2D designs of the cell culture chip. (A) Design with only inlet and a chamber that ends in an 
outlet. (B) Microfluidic device with 5 inlets connected to a chamber with the same cell trapping of the first design. 
(C) A new chamber design with a barrier to trap the specific cells used during the work. (D) The last design with a 
network of channels along the chamber.  

 

3.2  Cell Culture Assays 
	
 During these experiments were used a cell line of CFBE without the mutation F508 del, 

responsible for the traffic protein disorder. Different issues had to be overcome in order to achieve the 

cell culture in optimized conditions inside the microfluidic device. 

 

3.2.1 Cell Density – concentrating cells 

 An important factor which was considered before each experiment was the density of cell 

suspension as it played a major role in the cell-loading step,  and whereas a high cell density leads to 

faster waste accumulation and depletion of nutrient. Therefore before each experiment the density 

was tested. Normally 1 mL of suspended CFBE cells was prepared for each experiment, but 

sometimes was necessary to concentrate this quantity. For that, the content was transferred to a 

sterile falcon tube and centrifuged to form a pellet. The supernatant was removed without disturbing 

the cell pellet and a smaller quantity of fresh medium was added in order to obtain the desired density. 

After that, the fresh medium was pipette up and down to resuspend the cell pellet.  
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 Figure 3-2 Schematic of cell preparation before each assay.  (A) The cell suspension is in a falcon tube.  
(B) The contents of the tube are centrifuged, with the cells forming a pellet.  (C) The cell medium is removed.  (D) 
A less quantity of fresh medium is added.  (E) The pellet is re-suspended in the fresh medium. 

 

3.2.2 Chip Sterilization 

 A requirement for long-term assays with cells is an effective sterilization of microfluidic device 

as a way to prevent cell contamination. This was performed flowing a solution of 70% ethanol into the 

device and then exposing the device to UV-light during some minutes before the insertion of cells. 

	

3.2.3 Cell Seeding  

	 The procedure for this crucial step can vary depending on the geometry and the design of the 

cell chip or the density of cells and flow rate. All of these things must be considered and optimized to 

achieve the final goal. 

 Cells in suspension with the desired density was loaded in a syringe into the device, however 

a controlled flow was necessary to ensure a homogeneous distribution of the cells in the chamber. 

Different flow rates were tested until getting the optimal flow rate and was verified that with higher flow 

rates is difficult to settle the cells in the desired area and cells are also subjected to high shear stress 

which can compromised cell viability. On the other hand, if the flow rate was too small the cells tend to 

settle in the channels, clogging them.  After some experiments the initial flow rate was defined at 2 

µl/min and when the cells began to approximate the chamber this flow rate was gradually reduced to 

0.4 µl/min in order to control de flow of cells. 

 Another issue was to ensure good cell attachment during cell seeding so that cells are not 

washed away upon media perfusion. In section 3.2.4 can be seen different surface modification 

strategies to facilitate cell attachment tested during this work. 
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Figure 3-3 Cells trapped inside the culture chamber. 

	

3.2.4 Surface Coating and Adhesion Assays 

 The second issue to be tackled was the adhesion/attachment of cells. Such as the first factor 

to be tested was the adhesion of cells doing a coating with different extra-cellular matrix (ECM) 

proteins, namely FN and collagen and also without an ECM protein (figure 3-4). The experiments were 

carried out in 24 well plates and began with the introduction of ethanol, followed by its removal and 

introduction of the ECM protein. After that, it was necessary to follow the normal protocol of coating 

and was waited 24h with the well plates inside the hood in order to enable the formation of a layer on 

the surface of each well. Once reached the 24h, some medium was added to each well and after 5 

minutes this medium was aspirated and discarded. Finally in each of the three wells 0.5 ml of cell 

suspension was added and the well plate was incubated overnight at 37 °C, with 5% of CO2 and 

control of humidity. The adhesion of cells in the chip was firstly tested without the use of an ECM 

protein where the cells never adhered. So, the aim of this assay in a well plate was to mimic the 

procedure that is done in chip in order to understand what influence the adhesion of cells, which 

includes the material used.  

	
 Figure 3-4 A 24 well plate where was tested three different conditions in the three first wells. In the 2 first 
wells the channels was incubated with a solution of ECM protein, FN and collagen, in order to allow the cells to 
adhere better. The third well was dedicated for the adhesion of cells without ECM. 
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 Taking into account the results obtained in figure 3-5 (A) it can be concluded that when the 

channel is incubated with an ECM protein, the cells adhere better than in the same case without an 

ECM protein. Thus, the same procedure was performed on the chip only with FN and collagen IV to 

see which is the best ECM protein to promote the adhesion. Regarding the results obtained in the 

figure 3-5 (B), it is possible to see that unlike the results obtained in well plates, the adhesion of cells 

in the chip is more quickly achieved when the coating is done with FN instead of collagen. It can also 

be noted that in both cases the cells adhere completely in less than 24 hours. Therefore, in view of 

these results it was decided to do the coating only with FN in the remaining microfluidic assays. 

 The adhesion results over time, where t is the time after cell insertion, can be seen in figure 3-

5. 

 

	  

Figure 3-5 Results obtained for the adhesion experiments. (A) Performed in the 24 well plate. (B) 
Performed in the cell chip. 

	
The percentage of cell adhesion was estimated from the number of cells that reached the format that 

can be seen in figure 1-3 (middle image) divided by the total number of cells retained in the culture 

area.  

 

 
% 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑎𝑑ℎ𝑒𝑟𝑒𝑑 =

# 𝑐𝑒𝑙𝑙𝑠 𝑤𝑖𝑡ℎ 𝑡ℎ𝑒 𝑐𝑜𝑛𝑓𝑙𝑢𝑒𝑛𝑡 𝑓𝑜𝑟𝑚𝑎𝑡
# 𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠

 

 

(3.1) 

 The procedure with FN was also tested with and without incubation after the introduction of 

cells to see what impact had on cell adhesion. This experience led to two different results that are 

presented in figure 3-6: incubation at 37ºC, with 5% of CO2 and humidity environment is a key factor in 

the adhesion of cells, without incubation the cells do not adhere. 
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Figure 3-6 CFBE cell adhesion inside and outside of an incubator. With incubation, the cells adhere in less 
than 24h forming a monolayer of cells connected with each other. In the second case, only with temperature 
control the cells didn’t adhere, maintaining the spherical format.  

	
 To verify cell adhesion inside and outside the incubator the same temperature and buffer 

substance was used, the only difference was the CO2 atmosphere and humidify environment. The 

buffer substance used is dependent on carbon dioxide (CO2) and normally requires an external source 

of CO2 in order to maintain the pH within the optimal range. So, the results outside the incubator can 

be explained by the imbalance between CO2 and HCO
3

–

, which consequently leads to changes in pH 

            H
ot-pla

te 
Incubator 

0h – cell insertion 24h - after incubation 
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over time, thus not allowing cell adhesion. Probably, a way of overcoming this problem is through the 

use of a buffering system not relying on CO2 as HEPES or phenol red. The humidity was not also 

controlled hence it was not possible to prevent osmolarity shifts due to evaporation.  

 It is noteworthy in accordance with the results and with the conditions tested that there are two 

preponderant factors for the adhesion of CFBE cells: one is the use of an ECM protein and the other is 

the incubation at 37ºC in 5% of CO2 atmosphere and with humidity control after cell insertion.  

 

3.2.5 Perfusion Assays 

 Once reached the intended adhesion, the microfluidic device was tested in terms of longevity, 

using a continuous perfusion of EMEM at 37ºC without conditioning to CO2 and humidity ambient. The 

purpose of this step was the maintenance of cells with viability and without contamination in the 

system over a period of 3-4 days. So, it was decided to use a continuous perfusion instead of periodic 

perfusion to prevent accumulation of waste products that can be toxic to the cells and also to allow a 

constant flow of nutrients.  

 

   
Figure 3-7 Cell evolution over 3 days of medium perfusion. 

 

  The results showed that the CFBE cells survived 3 days at 37ºC with cell culture medium 

refreshed continuously.  

 During the first 48h of perfusion assay normally the cells maintain their normal physiology, 

appearing 50% of the times with a black color in the last day of experiments, which means their 

healthy status decrease with time probably because of some conditions not very well controlled. In the 

first day of perfusion there is a decrease in cell number, which can be explained by the washing of 

non-trapping cells. But the opposite can also happen when a large amount of non-trapping cells is on 

the input channels.  

3.2.6 Conditions and Parameters to Maintain Culture 

 Adequate culture conditions were essential to achieve good biological results. To be able to 

properly tailor the microenvironment it was necessary to integrate different aspects to apply the 

fundamentals of cell culture to microfluidics. Different properties like physicochemical properties of the 
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cell culture medium, aseptic conditions, bubbles, shear stress and contamination were monitored and 

manipulated. Is not an easy procedure because the conditions can vary greatly from one cell or tissue 

type to the next and it’s important to integrate all the optimal conditions. 

 

Cell Culture Medium 

 The choice of a appropriate cell medium was an important step for the in vitro cultivation, 

since animal cells are very sensitive to suboptimal culture conditions. The culture medium offered the 

cell an optimum surrounding which was achieved through its compounds described previouly in 

section 1.3.2. Each of these components were added with a certain intention.[21]  

 

pH Control 

 All cell medium presents a mixture of different inorganic salts, that aim to maintain a pH 

proper, ideal osmotic pressure, and to provide a source of energy. As mentioned before, cells are very 

sensitive to changes, especially pH changes, which can lead to adverse effects on the culture, as for 

example loss in cell viability. Such as the medium was buffered with the most commoly buffer 

substance known as sodium bicarbonate to guarantee the pH control in the optimal range around 7.2-

7.4. It was taken into account that the buffers are a aqueous solution that only slow the rate of pH 

change and are not capable of holding the pH constant in a system in which acids or bases are being 

produced.  

 Since, the pH of the medium is dependent  on the delicate balance of dissolved CO
2
 and 

HCO
3

–

, changes in the atmospheric CO
2 

can alter the pH of the medium. Therefore, during the 

adhesion assays the incubator provided an external CO2. However, in perfusion experiments an 

external source of CO2 was not used, because the continuous perfusion of cell medium and the air 

diffusion was sufficient for cell survival.[35] 

 

Temperature 

 Temperature also has influence on dissolved CO
2 concentration. And as mentioned before the 

concentration of CO
2
 has impact in the buffering system used to culture CFBE cells and consequently 

in pH. Thus, to help to keep the pH in the optimal range and to control the temperature, the 

temperature was maintained and monitored directly from the incubator controls during the cell 

attachment and with a hot plate during the perfusion assays.  
 

Evaporation  

 In systems where the cell culture temperature is held at 37ºC, the liquid within a chamber can 
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quickly evaporate and pass through the PDMS, resulting in an increased of osmolarity of the liquid. A 

normal procedure to control the evaporation is to place the microfluidic device in a closed humidity 

environment, but with the impossibility of this happening during the perfusion tests to circumvent the 

problem the cells were cultured in the device under continuous flow conditions.[36][37] 

 

O2 levels 

 Oxygen is essential for metabolic processes of cells. It abundance or deficiency can lead to 

cell death or damage. An accurate detection and control of O2 is essential and can be done using a 

diversity of approaches, emphasizing the electrochemical and optical measurements.[27][38][39] 

However, during this work a quantitative method for detection of O2 was not used. 

 The choice of a PDMS for the device fabrication was an important decision because PDMS is 

gas permeable to O2 so the diffusion from the air helped to keep the levels in a precise range. And 

apparently take into account the results of cell viability this was enough to keep the cells alive. 

 

Bubbles 

 The bubbles were an important factor to be controlled, since its appearance could lead to the 

rupture of cell membranes or can block channels impeding the passage of fluid in a proper manner.  

It was almost impossible to prevent the appearance of bubbles	 since they can arise from residual air 

or spontaneous formation at defect sites. However, the important was to remove bubbles when they 

appeared, preventing its expansion due to evaporation and problems as shown in figure 3-8.  

 

	
Figure 3-8 Bubbles problems that occurred along the work. 
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For removed them, normally a pressure was applied to the system or the bubbles disappeared during 

the incubation step probably because the control of humidity by the incubator. However in all the steps 

before the perfusion assays the appearance of bubbles was not common.  

 A problem that was encountered after several hours of perfusion was the formation of gas 

bubbles within chamber, which is the major drawback of use a continuous perfusion. In this case a 

pressure cannot be applied because it will lead to the removal and destruction of cells.  

 The only thing that varied from the assays before perfusion and the perfusion assays was the 

control of CO2 and humidity. So, in order to understand if the reason is this, some other physical 

condition or something related with cells some control tests were done.  

 The first control test done was to do the perfusion step with and without temperature control. 

In both cases can be seen in figure 3-9 that the chambers are without any bubble before the step of 

continuous perfusion.  

 

   

 

		 	
Figure 3-9 The chambers for temperature control assays without any bubble before the beginning of 
perfusion tests.  
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The perfusion step in the control test with and without temperature was done only during 2 days, 

which is time enough to see if the bubbles appear or not. It was used two different designs in which 

nothing affects the final results.  

 

	 	
	

Figure 3-10 Results of control tests with temperature control during 2 days of perfusion. 

 

 The results with temperature control can be seen in figure 3-10 and as is possible to see the 

appearance of bubbles was not a problem. The same didn’t happen in the case of perfusion without 

temperature control, in second day of perfusion the bubbles appeared as found in figure 3-11, adding 

the fact that the cells died for not being an optimal temperature.  
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 Figure 3-11 Results of control tests without temperature control during 2 days of perfusion.  

		
 The next step was to see if the cells could have some impact in the appearance of bubbles, so 

the chip was tested without cells. In this experiments all the steps described in the section 3.2.2 were 

performed only with the exception of the cell insertion step.	
 

	 	 	
	

 Figure 3-12 Results of control tests without cells. 

  

 On the first day of the assay without cells the bubbles already existed, and then over the days 

the problem persisted with the bubbles blocking the passage of fresh medium. Take into account the 

results in figure 3-12 the conclusion was that the cells and their metabolism don’t have any impact in 

the appearance of bubbles. Since with and without cells the bubbles appeared. In this experiment 

some black things appeared on the chamber, but it’s only precipitation of some component of cell 

culture medium that doesn’t affect the results. 

 After these results, it can be concluded that the temperature control combined with a carefully 

insertion of tubes have a significant impact on the surrounding environment, allowing the development 

of experiment without bubbles. 

 

D
ay

 2
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Contamination  

 Another important challenge to be overcome was the microbiological contamination. In the 

first months of the work the contamination problems persisted, therefore was essential to understand 

what are the main sources of contamination and eliminate them to achieve the necessary conditions to 

proceed with the cell experiments. 

 

	
	

 Figure 3-13 Contamination after 24 hours of culture in one of the various experiments realized. 

 
 

 The first action that was taken to prevent contamination it was the use of only one cell chip in 

each glass, since if various structures are sealed in the same glass and if it is badly sealed can lead to 

cross-contamination. During the microfluidic assays more actions were taken, in each experiment the 

chip was sterilized on two occasions as described in chip sterilization section. The cell medium was 

also supplied with antibiotics and as mentioned before during the incubation step the entrances of cell 

chip were kept closed. Antibiotics only was used as a last resort and only for short term applications, 

as the continued use leads to the development of antibiotic resistant strains and allows contamination 

to persist.[22]  
 So, all the steps were carried out with the utmost care and sterilization to avoid possible 

contamination that could compromise the experience and disabling cell growth. Thus it was possible to 

perform the whole experiment (6 days) without any contamination when this procedure was followed. 

 

Medium Residence Time and Shear Stress 

 Medium residence time (MRT) and shear stress are two parameters that were considered in 

perfusion assays to achieve all the information necessary to guarantee cell viability. 

 The MRT is defined as the time needed for the complete change of medium in the culture 

chamber or channel. And was useful in the perfusion assays to know if the rate of medium renovation 

is sufficient for nutrient delivery, oxygen transport and to avoid the accumulation of waste products 

resulting from the metabolism of cells. MRT is a quantitative parameter calculated from the chamber 
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dimensions and assuming a uniform average velocity as presented in equation 3.2.[23][25] 

 

 

𝑀𝑅𝑇 =
𝑉
𝑄
=
𝑙
𝑣

 (3.2) 

   

Where the 𝑄 is the flow rate  𝑖𝑛 𝑚! 𝑠!!  and (V) is the useful volume obtained from the width (w), 

length (l) and height (h)  𝑖𝑛 𝑚  of the chamber as presented in Equation 3.3. 

 
 𝑉 = 𝑤 × 𝑙 × ℎ (3.3) 

   

In table 3-1 can be seen the volumes for the two designs used as well as different flow rates and the 

respective MRT. It was calculated for both chips because both have a reasonable ability to retain the 

cells and allow its culture: 

 

Table 3-1   Volume, flow rates and MRT for cell chips presented in figure 3-1 (C) and (D). 
 

 

 

 

 

 

 

 

 

 

So, in the perfusion assays as it was used a flow rate 1 µl/min, the two chips present an acceptable 

MRT for the replacement of nutrients and to prevent the accumulation of waste. The difference 

between the MRT of two chips can be explained by the huge difference of chamber volume. However 

in the chip (D) as the MRT is higher means that the use of medium is greater compared with chip (C). 

 The shear stress (𝜏) of a liquid is a parallel force that a determined liquid exerts onto the 

surface of an object, in this case onto the surface of cells. Is a relevant parameter in microfluidic cell 

culture devices due to its detrimental effects on cells at high levels. Thus to maintain viable cells it is 

important to keep the shear stress under physiological maximums. This parameter was found by the 

relationship that can be seen in equation 3.4.[40] 

 

 
𝜏 = 𝜇

𝜕𝑣
𝜕𝑥

 
(3.4) 

 

Where the 𝜇 is the fluid viscosity (𝑖𝑛 𝑘𝑔 𝑚!!𝑠!!), v is the fluid velocity 𝑖𝑛 𝑚 𝑠!!  and 𝑥 is the position 

within the channel (𝑖𝑛 𝑚). A simpler expression (equation 3.5) was obtained from the developing of 

Volume (nL) Flow Rate 

(µl/min) 

MRT (s) 

Chip (C): 

31.14 

  

0.5 3.74 

0.75 2.49 

1 1.87 

Chip (D): 

142.5  

0.5 17.1 

0.75 11.4 

1 8.55 
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the equation 3.4. 

 
𝜏 =

𝜇𝑄
ℎ!𝑤

 
(3.5) 

 

The results can be seen in table 3-2, 

 

Table 3-2   The shear stress associated to each chip with different flow rates. 
 

 

 

 

 

 

 

 The limit of shear stress to protect cells with a diameter of 10 𝜇𝑚 is around 0.3 𝑑𝑦𝑛/𝑐𝑚!.[41] 

According to the table 3-2 the shear stress of both designs for a flow rate of 1 µl/min is higher 

compared to the limit, however with no visible ill effect on CFBE cells. A practical way to reduce more 

this shear stress is to low the flow velocity or to increase the channel height, but these changes can 

affect the microenvironment, mainly the nutrient delivery.[23][42]  

 One more parameter that is possible to calculate is the Reynolds number using the equation 

1.1. The properties of liquid were considered giving a 𝑅𝑒 = 1.84 for a flow rate of 1 µl/min in chip (C). 

The result obtained indicates that laminar flow is present. 

 

3.2.7 Device operation 

 Prior to cell insertion, the microfluidic channels were sterilized with 70% ethanol (v/v) at 5 

µl/min for 10 min with all the inlets open. Then the channels were coating to promote adhesion, 

growth and proliferation by flowing a solution of FN at 1,5 µl/min for 10 min and the chip was 

maintained in the hood with all the inlets open during 24 h to create a uniform surface chemistry for 

cell adhesion. After this 24h, the chip was irradiated with UV light in order to sterilize the chip one 

more time before the crucial step of cell insertion. This step was performed with all the inlets open.   

The inlets of FN, ethanol and cells were closed and EMEM supplied with antibiotics was added at 5 

µl/min in order to remove bubbles and waste that could influence the flow of cells. All the previous 

steps were performed inside the laminar flow. 

 Cells were inserted initially with a flow rate of 2 µl/min and this flow rate was gradually 

reduced to 0.4 µl/min in order to control de flow of cells. All liquid injection was stopped when a 

sufficient amount of cells where inside the chamber. Before the incubation of chip, the tubes of all 

inlets were plug with a closer plug metal adapter to prevent fluid losses, contamination and bubble 

formation.  

 The microfluidic device was then incubated in a humidified incubator during 24h at 37ºC in a 

Chip Flow Rate 

(µl/min) 

𝝉 (𝒅𝒚𝒏/𝒄𝒎𝟐) 

 

(C) and (D) 

0.5 0.162 
 

0.75 0.244 

1 0.325 
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5% CO2 atmosphere in order to allow cell adhesion. The perfusion assays was then performed with a 

flow rate of 1 ul/min. 

 

Table 3-3   Parameters used in the microfluidic assays. 
Solutions Flow Rate 

(µl/min) 

Time 

Ethanol 5 10 min 

FN 1.5 10 min 

 EMEM 5 5 min 

CFBE Cells 2 / 0.4 Until a sufficient 

amount of cells 

in the chamber 

EMEM 1 3-4 days 

 

	
Figure 3-14 Schematic diagram of solution insertion. (A) Ethanol insertion. (B) FN coating (C) Cell medium 
insertion before cell insertion. (D) Cell suspension insertion. (E) Cell medium insertion in perfusion assays. 
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3.2.8 Cell Density and Viability 

 Viability testing was performed to access the live/dead condition of cells present inside the 

culture chamber and thereby to do the correlation between cell behavior and cell number. This test is 

judged based on morphological changes or changes in membrane permeability, which are inferred by 

an exclusion test of certain dyes. Different techniques can be used, however it was firstly chosen to do 

a trypan blue (TB) dye exclusion test. The principle of this end-point test is that live cells possess 

intact membranes not taking up this molecule, since the trypan blue only enters in cells with 

compromised membranes like non-viable cells.[43] Leaving the non-viable cells with a blue color. 

Generally, a good viability result it is obtained when the % of viable cells it’s at least 95%. 

 To determine accurately the cell viability, it was firstly determined the cell number within the 

chamber using the cell counting method described in section 2.3.  

 

 	

  

	
 Figure 3-15 Cell viability Assays using the TB dye at different concentrations. (A) Chamber with the total 
number of cells to be analyzed. (B) Cells exposed to a solution with 50 % of TB. (C) Chamber with the total 
number of cells to be analyzed. (D) Cells exposed to a solution with 10 % of TB. 

	
Once recognized the cell density, 10 𝜇𝐿 of a solution composed by 50% of EMEM and 50% of TB was 

introduced in the chip during approximately 5 min at 1 𝜇𝐿/𝑚𝑖𝑛. The chip was incubated during more 

10 min at 37ºC, 5% of CO2 and with control of humidity and the cells were examined under a 
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microscope at low magnification.  

 As can be seen in figure 3-15 (B) the number of cells inside the chamber increased after the 

insertion of the TB solution because the non-trapped cells that were retained in the inlet channel was 

washed to the chamber. Shortly after addition of TB, the quantity of viable cells decreased 

dramatically which can be explained by trypan toxicity, which also explains the higher % of non-viable 

cells. Because of this feature of TB, the cell chip can’t be used for more experiments after the viability 

test. Due to the strange fact that the cells before the assay seem alive and the viability test result 

contradicts this, it was tried to understand why this happened. After some assays with different 

concentrations of TB, it was achieved the conclusion that the concentration of TB has influence on the 

toxicity to the cells as seen in figure 3-16, leading to the cell death in some cases. 

 

	
 Figure 3-16 Results obtained with different concentrations of TB. 

 

Observing the results, the best solution for the realization of viability tests without interference of TB 

toxicity in the final results is the use of a solution comprising 10% of TB and 90% of EMEM. 

 

 To access viability a mixture of two fluorescent dyes, blue Hoechst dye and red propidium 

iodide (PI) was also used. These dyes interact with nucleotides to emit fluorescence. The PI is 

impermeable through the cell membranes of viable cells only staining dead cells and emits at 617 nm. 

Hoechst 33258 dyes can stain the nucleus of living and dead cells, such as normally is used to identify 

the total number of cells inside the chamber and emits at 460 nm. Since the dyes directly stain the 

nucleus, are considered mutagens.[44] Take into account these considerations, after culturing the 

CFBE cells in the microfluidic chamber for 72 h, the viability of them was assessed flowing a solution 

composed by PI, medium and Hoechst in the chip, left to incubate at 37ºC for 10 min and washed with 

PBS to remove the unbound dye. In this protocol was used the same flow rates as in TB case. 
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 Figure 3-17 Viability Assays of CFBE cells cultured in microfluidic device during 72h. (A) Fluorescent image 
of living and dead cells stained with Hoechst. (B) Nuclei of dead cells stained with PI. (C) Composite image of 
both stainings.  

 

In both cases the number of dead cells was counted and the formula 3.6 was used to calculate the 

percentage of viable cells.[45][46] 

  % viable cells = (1 − !"#$%& !" !"#! !"##$
!"#$% !"#$%& !" !"##$

)×100 

 

(3.6) 

 

In general, the cell viability after 3 days of perfusion was more than 50 %. 
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4.  Conclusions 

 The microfluidics is considered a revolutionary new technology, since has the potential to 

impact almost every area of society. One application area that holds the promise of providing great 

benefits for society in the future is in the realm of biomedicine, offering the biologist new ways in which 

to manipulate cells and observe their behavior. A major challenge is the development of on-chip 

protocols that consistently recreate a viable cell culture environment.  

 The main goals of this work were the development of a chip capable to retain the CFBE cells 

as well as their culture with viability during 3 days and also protein traffic assays using the therapeutic 

compound VX-809.  

 As such, during this thesis four microfluidic devices with three different trapping mechanisms 

were developed, one with more capabilities to retain the cells than the others, which was a very 

difficult task along the work. The chip that leads to the best results, it was developed for the specific 

cells used throughout this work. It comprised 5 inlets for different solutions, preventing this way 

possible cross-contamination, a chamber composed by a barrier of squares with a space of 5 𝜇𝑚 

between each other and a final outlet.  

 Different challenges were overcome during 6 days of experiment like device sterilization, cell 

seeding, cell attachment, cell culture, contamination and bubbles. The first challenge was the insertion 

of cells inside the devices and following retention in the cell culture chamber. For that it was necessary 

to optimize the cell density of cell suspension and the flow rate to flowing the cells, where for this was 

used a method of cut-and try. Once solved this initial problem the next challenge was to promote the 

adhesion of cells to the surface of the chamber. It was trying to coat the cell culture material with pre-

immobilized cell-attachment proteins like FN and collagen IV, where the best results were obtain with 

FN. After insertion of cells and adherence of them, the device was tested in terms of longevity during 3 

days with a continuous perfusion of cell medium. In this step more challenges were overcome, it was 

necessary to identify and control different condition at the same time to provide an environment as 

natural as possible to the CFBE cells. It has been shown, as control variables such as pH, 

temperature, amount of O2 and CO2 influence the growth and development of CFBE cells within the 

microfluidic device. The pH was controlled with a buffer system, the temperature was maintained at 

37ºC with a hot-plate and a continuous perfusion and PDMS permeability helped to keep the O2 

levels, CO2  and also help to avoid evaporation problems. The assays were done with CFBE cells wild 

type that adhered to microfluidic chamber previously incubated with FN. Surviving then during 3 days 

under a continuous perfusion without contamination, bubbles and with more than 50% of viability.  

 The third objective of the work, which is the protein traffic assays, was not reached because 

the complexity, challenges and duration of the experiments (6 days) not allowed. However, with the 

developments done now it is possible to do these experiments and this innovative device opens the 

opportunity to test non-invasively whether a given therapy is suitable to a given patient thus allowing 

an improvement in health care and quality of life of CF patients.   
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5.  Future Work 

 In future projects must be done some improvements in the chip developed in this project in 

order to increase the control capability of the cells and their retention in specific places. One possible 

improvement could be the fabrication of valves to close the chamber when the desired number of cells 

inside the chamber it is achieved.  A way to integrate all the steps of experiments in only one external 

environment can be produced. For example a simple box to mimic an incubator with some entrances 

to tubes connected to the syringe pump as well as a constant CO2 supply provided by an automatic 

CO2 gas bottle cylinder. The humidification can be ensuring through a water tray on the floor of 

the incubator and the temperature by the use of a hot plate. To characterize the pH and O2 levels in a 

quantitative way a sensor can be incorporated in the microfluidic device. 

 When the preceding steps are consolidated, assays to detect the presence of protein should 

be done. In these assays two types of CFBE cells must be used, one expressing the mCherry-Flag-wt-

CFTR and another expressing the mCherry–Flag-F508del-CFTR with the mutation responsible for the 

protein traffic disorder of CF. In both cases the cells grown in the presence of doxycycline (Dox), that 

function as an inducer of CFTR expression. The mCherry is only a fluorescent protein that function as 

a tracer to follow the flow of CFTR so with the CFBE wt it is expected to detect CFTR protein in the 

membrane since they don’t have mutant changes. In mutant cells, the protein continues to be 

expressed but is not able to migrate, so in this case it is expected that the protein do not reach the 

membrane,	appearing around the nucleus. 

 The finally step is to use this new chip with specific antibodies for the extracellular regions of 

CFTR to detect the correction of the traffic F508del-CFTR protein in the nasal epithelium of CF patient 

and thus to assess the individual response to VX-809. 
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