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Organs-on-chip are a new class of in vitro devices aimed at improving the predictivity of preclinical 

drug testing models by integrating physiologically relevant features in cell culture devices using 

microfabrication techniques. In human bodies, epithelial tissues are the first line of defence against 

the external environment and act as barriers by expressing inter-cellular protein complexes called 

tight junctions (TJ). The epithelial physical barrier has selective permeability properties which can 

experimentally be measured by electrical means.  In this thesis, the design, simulation, modelling, 

optimisation, fabrication and experimental characterisation of a novel organ-on-chip device for 

epithelial cell culture and epithelial barrier monitoring are described. In the device, cells are 

cultured on top of a nanoporous support, fed by constant perfusion of growth medium and barrier 

properties are monitored in real-time with integrated coplanar Pt/Pt-black electrodes. Finite 

element method (FEM) simulations were used to develop a new coplanar electrode design which 

achieved greater sensitivity (45-fold) compared to the other coplanar designs presented in the 

literature. This design was formed by 2 circular segments electrodes divided by a polymeric septum. 

The high sensitivity of the novel electrode design enabled the measurement of epithelial electrical 

properties directly at the air-liquid interface (ALI) and was used to monitor disruptions in the barrier 

properties of primary bronchial epithelial cells (PBECs) cultured on commercial supports 

(Transwell®) induced by a calcium chelator (EGTA). The measured barrier disruption was 

comparable to those measured by standard systems without requiring a submerged culture. The 

microfluidic device was used to monitor the establishment of the physical barrier under submerged 

conditions for 6 days of the human bronchial epithelial cell line (16HBE14o-) and disruption of the 

physical barrier induced by stimulation with a viral mimic (poly(I:C)). All results were comparable to 

the ones measured by standard systems. This platform is an easy-to-manufacture alternative to 

available systems with the unique potential to enable the real-time epithelial barrier monitoring 

under submerged or ALI conditions. 
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Chapter 1: hǊƎŀƴπƻƴπŀπŎƘƛǇ ŦƻǊ ŘǊǳƎ ŘŜǾŜƭƻǇƳŜƴǘ 

In the last 50 years, the R&D cost of developing a new drug has been increasing steadily [1], with  
estimated values of 231 million US$ in 1987 [2], of 802 million US$ in 2000 [3] and 1.8 billion US$ 
in 2010 [4]. Research and preclinical testing of a new candidate account for approximately a third 
of the total cost, while the clinical development accounts for the remaining two thirds [4]. Studies 
suggest that the increased cost of the clinical development stage in recent years is related to the 
type of drugs that are being developed. For example, drugs aimed at degenerative diseases require 
longer trials. At the same time, drugs aimed at obtaining better performances of already-existing 
ones, have smaller incremental benefits and require  larger samples sizes to achieve statistical 
significance [5]. 
 
Another reason why the figures for the drug development costs are so high is the fact that for each 
successful candidate there are several unsuccessful ones that are accounted for in the total cost i.e. 
high rates of attrition. Attrition rates have substantial effects on the total costs especially in the 
clinical stage, where the average probability for a new drug candidate to reach the market ƛǎ Ғмм҈ 
[5]. One of the cause of high attrition rates at the clinical stage is the lack of good models at the 
preclinical stage: drugs that passed the preclinical stage are often found ineffective or with harmful 
side-effects during clinical trials.  A way to reduce the overall process cost is to reduce the number 
of failures during the clinical stage by developing more predictive in vitro models during drug 
development pre-clinically. In this way the attrition is shifted from the expensive clinical stage to 
the faster, high-throughput preclinical stage [4]. 
 
Currently, models adopted in the preclinical stage consist of in vivo animal models and simple 
in vitro models. In vivo models use animals as complete representations of biological systems. One 
advantage of these models is that the effectiveness of drug candidates is regulated by absorption, 
distribution, metabolism and elimination (ADME) processes which are also relevant for the human 
physiology [6]. At the same time, due to their complexity, these models are not able to provide 
detailed information on underlying physiological mechanisms. Their experimentations are usually 
low-throughput, expensive, labour-intensive and are often burdened by ethical implications on 
animal use [7]. Additionally, it has recently been observed that preclinical findings obtained with 
animal models translate poorly to humans due to crucial genetic, molecular, immunologic and 
cellular differences [8, 9, 10]. Traditional 2D in vitro models focus on cultures in simple 
environments of immortalised cell lines or primary cells which are derived from patients. Their 
experimentation is high-throughput, but they fail to recapitulate the overall complexity of the in 
vivo physiological conditions (e.g. spatial orientation, cell-cell communication and cell-matrix 
interactions) and may lead to inaccurate results [11]. 
 
The study of asthma is particularly affected by the lack of appropriate models. Asthma is a medical 
condition of the conducting airways which leads to symptoms of coughing, wheezing, chest 
tightness and breathlessness. Symptoms can range from mild to severe with large variations among 
different patients. Individuals sometimes undergo a temporary significant worsening of the 
symptoms called exacerbations that can lead to life-threatening conditions which requires medical 
assistance. Only two new treatments targeting new drug pathways have made it into clinical 
practice over the past 50 years (anti-IgE, omalizumab, and a bronchodilator targeted at leukotriene 
receptors, montelukast)). Many drug candidates that passed the preclinical tests on animal models 
failed in the clinic because of safety or efficacy issues. Mice are the most commonly used animal 
models for asthma, but have substantial differences in lung structure and genetic background 
compared to humans which causes them fail to recapitulate the human disease [12, 13]. Current 
human in vitro models should be more predictive, but fail to recapitulate interactions between cells 
and their environment normally found in vivo [14].  
 
A new class of devices called organs-on-chip has recently been developed in an attempt to fill the 
gap between traditional in vitro and in vivo models. These systems use the latest advancement in 
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microfabrication techniques to create complex features in vitro. Spatial, chemical, mechanical and 
biological stimuli are designed within these systems to emulate physiological conditions [15]. Cells 
cultured in these devices exhibit tissue-level properties that closely resembles the ones found in 
vivo. At the same time, these systems, are designed for highly parallelised applications, greatly 
increasing experimental throughput [16]. Compared to traditional investigation methodologies, 
these devices aim to obtain biological information that are more finely detailed and with higher 
throughput than the animal models and more realistic and reliable than the traditional in vitro 
studies [17]. 

1.1 The epithelial barrier 

The epithelium is one of the most examined tissues in drug testing studies because it is the first 
barrier that the human body has against the external environment and drug candidates that require 
absorption through the skin, gastrointestinal (GI) tract or airways need to be able to pass through 
this barrier.  These include orally administered drugs in the form of tablets for absorption through 
the GI tract and locally administered drugs e.g. inhaled drugs for absorption through the airway and 
drugs in creams and ointments for absorption through the skin. These drug candidates require 
absorption through the epithelium in order to reach their target and exert their pharmacological 
effect.  
 
Epithelia line every cavity in the human body that interfaces the external (skin, gastrointestinal 
tract, airways) and internal (liver, kidney) environment. A schematic diagram of the epithelium is 
shown in Figure 1-1 [18]. The epithelial barrier is formed by closely packed cells connected to each 
other by intercellular protein complexes. Focal adhesions and hemi-desmosomes are 
macromolecular complexes (based on proteins of the integrins family) which fix the position of the 
cell by anchoring the actin filaments of the cytoskeleton to the extracellular matrix (ECM). 
Desmosomes and adherens junctions are complexes (based on the calcium-dependent cadherin 
protein) which form the initial connection between neighbouring cells by connecting the actin 
filaments of each cells cytoskeleton [19, 20]. Gap junctions are complexes that allow the exchange 
of molecules between adjacent cells, while tight junctions (TJ) regulate the communication 
between the inner part of the tissue and the external environment and regulate the permeability 
of the epithelial barrier [21].   



   

3 

 

 

 

Figure 1-1    Schematic representation of an epithelium. Neighbouring epithelial cells contact each 
other with TJs, adherens junction, gap junctions and desmosomes, whereas they bind 
to the ECM with hemidesmosomes and focal adhesions. Copied from [18]. 

1.1.1 Tight junctions 

TJs are protein complexes that hold epithelial cells together forming an epithelial sheet and 
separates the inside of tissues from external cavities. They divide the epithelial cell layer into two 
distinct compartments, the apical compartment which is in contact with the external environment 
and the basolateral compartment which is in contact with the inner tissue and the basement 
membrane. This separation between the two compartments allows the polarisation of the 
epithelial barrier which consists of the differential expression of protein complexes from the apical 
to basolateral compartments. This polarisation is important for the establishment of gradients of 
ions across the membrane and to maintain specialised functions of each compartment. Currently, 
there are more than 40 proteins which are associated with the tight junctional complex (Figure 1-2) 
[22]. These include: zonula occludens (ZO) which are intracellular proteins which connect 
transmembrane proteins with the actin cytoskeleton; claudins which are transmembrane proteins 
and play a fundamental role in selective ion permeability and electrical resistance, occludin which 
is a transmembrane protein of unknown function and the junctional adhesion molecule A (JAM-A) 
which is a transmembrane protein [23, 24]. Electron microscopy of freeze fractures of TJs show that 
they consist of rows of 10 nm wide junction points [23]. 
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Figure 1-2   TJs structure. TJs are protein complexes that seal the intercellular space between two 
cells, yielding selective permeability to ions and macromolecules. They consist of rows 
of 10 nm wide junction points. More than 40 intra-cellular and transmembrane 
proteins are involved in forming TJs. Copied from [22]. 

 
In virtue of the fact that TJs have selective permeability to ions, they have often been studied by 
electrical means [25]. This method of characterisation consists of applying an electric potential 
difference across the tissue and measuring the resulting current. The electric resistance of the 
tissue is the resistance offered to the movement of ions by the TJs and is called the Trans-epithelial 
Electrical Resistance (TER or TEER). 
With this characterisation it is possible to determine that different epithelia in the body have 
different TER depending on the tissue function [21]. For example, epithelia in the intestine which 
need to absorb nutrients are quite leaky and have low TER, whereas epithelia from the conducting 
airways which are exposed to dust and pathogens and need to act as strong barriers are tighter and 
have a higher TER.  
 
On a microscopic level the tightness of a barrier can be related to the structure of its TJs. Tight 
epithelial barriers have strong, uninterrupted pericellular distributions of TJs whereas leaky barriers 
have redistrbution of the TJs leading to an interrupted, reorganised pericellular distribution [25]. If 
TJs are disrupted via redistribution or downregulation in protein expression, the epithelium loses 
its selective absorption properties. The disruption of the epithelial barrier is in fact associated with 
many diseases ƛƴŎƭǳŘƛƴƎ ŀǎǘƘƳŀ ŀƴŘ /ǊƻƘƴΩǎ ŘƛǎŜŀǎŜ [26].  

1.1.2 Examples of epithelia 

Epithelia have different structures depending on their functions. Here structures of intestinal 
epithelium and of airway epithelium are analysed. 
 
The intestinal epithelium  
The main function of the intestine is to absorb nutrients from the food passing through the 
gastrointestinal tract. In order to effectively perform this function, the intestinal epithelium has two 
key features: (1) it has a cylindrical structure and (2) each epithelial cell has microvilli protruding 



   

5 

 

from the apical region of the membrane. The presence of these microvilli is fundamental to increase 
the effective surface area of the epithelium that can absorb nutrients. 
 
The airway epithelium 
The airway epithelium is a multi-layered cellular structure comprising a number of cell types. It has 
the unique feature of being exposed to an air-liquid interface (ALI) formed by tissue on the 
basolateral side and air on the apical side. In the gas-exchange region of the airways these include 
alveolar epithelial cells which comprise a single layer of epithelial cells in close proximity to a single 
layer of endothelial cells comprising blood vessels. In the conducting airways these cells include 
basal epithelial cells, ciliated columnar epithelial cells and mucus-producing goblet cells.  
 
In the conducting airways, the main function of the epithelium is to act as a physical barrier against 
particulates, dust and noxious gases that can be contained in the environmental air we breathe and 
prevents their entrance in the inner part of the airways. These cells have been known for a long 
time to achieve this function by means of TJs. Another function of the epithelial barrier is to act 
against chemicals that might be inhaled. This chemical barrier is performed by the presence of 
antioxidant agents and by the secretion of mucus, which is a viscoelastic gel that contains many 
proteins able to prevent dehydration and sequester pathogens. The last function of the epithelial 
barrier is to act against pathogens that might be inhaled by regulating the innate and adaptive 
immune responses of the body.  If the homeostasis is disrupted, the barrier secretes cytokines and 
chemokines which are proteins that lead to the recruitment and activation of immune cells and the 
removal of the pathogens. 
 
Disruption of TJs leading to alterations in the airway epithelial barrier is associated with many 
human respiratory diseases. For example, in asthma differences in the structure of TJs between a 
healthy and an asthmatic epithelium are shown in Figure 1-3  [27]. This figure shows the structure 
of an epithelial tissue obtained with a bronchial biopsy which allows to obtain information on cell 
nuclei and TJs spatial organization. In a healthy epithelium, TJs are well organised. TJs are formed 
around the apical side of each cell (pericellular) forming a regular honeycomb network on the XY 
plane. On the XZ plane, they are confined in the apical side of the first cell layer. In contrast, the 
asthmatic epithelium shows a marked decrease in the number of TJs and they are redistributed. 
Moreover, the existing asthmatic TJs are less organised in the XZ plane, thus causing a further 
decrease in the barrier properties towards external agents.  
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Figure 1-3     Differences in TJ distribution from patients with the respiratory disease asthma and a 
healthy control. Image of a healthy epithelium (Left) and an asthmatic epithelium 
(Right) obtained from a bronchial biopsy. A top view (XY) and a cross sectional view 
(XZ) are shown. The TJ protein ZO-1 is stained using an antibody conjugated to a green 
fluorescent dye while nuclei are stained in red. Copied from [27]. 

 
Experimentally, in vitro studies of asthma use primary bronchial epithelial cells (PBEC) cultures from 
asthmatic donors.  Epithelial cells are collected from volunteers, expanded and used to investigate 
epithelial barrier function in vitro. Using this technique, it was demonstrated that primary cells from 
asthmatic donors retained the defects of the original culture (e.g. increased ionic and 
macromolecular permeability [28]), indicating this as a model capable of fully recapitulating the in 
vivo complexity  [29, 30]. 

1.2 Commercial systems for investigating epithelial barrier function 

Several systems for the in vitro analysis of epithelial barrier function are available commercially. 
Transwell® supports are the most commonly used system for long-term culture of polarised cells. 
Permeability of the epithelial layer to macromolecules is usually assessed using fluorescently 
labelled macromolecules (e.g. FITC-dextran) whereas permeability of the epithelial layer to ions can 
be assessed with three systems: the Epithelial Voltohmmeter (EVOM) system, the CellZscope® 
system and the Electric Cell-substrate Impedance Sensing (ECIS®) system. 

1.2.1 The Transwell® system 

The standard in vitro system used in biology for studying epithelial barrier function in tissue cultures 
are the Transwell® supports by Corning. The structure of a Transwell® consists of a microporous 
membrane mounted on the bottom of a polymeric holder. Transwell® membranes are available 
with different pore sizes (0.4-у ˃m), pore densities (105-108 holes/cm2), thickness (10-рл ˃Ƴύ ŀƴŘ 
growth area (0.143-44 cm2) [31]. The design of the Transwell® holder allows the culture to be 
suspended in a well of a conventional microplate as shown in Figure 1-4. Cells are cultured on top 
of the membrane and are exposed to separate basolateral and apical compartments filled with 
growth medium. The support has open access to both compartments enabling simple medium 



   

7 

 

replacement and apical or basolateral challenges. Epithelial cells cultured on this support polarise 
and form a physical barrier with expression of tight junctional proteins at their apical surface. 
PBEC cultured on Transwell® systems at the ALI in presence of retinoic acid are known to 
differentiate and form pseudostratified structures with basal cells supporting ciliated cells and 
mucus-producing goblet cells [32, 33]. 
 
 
 

 

Figure 1-4    Commercial Transwell® tissue culture support used for investigating epithelial barrier 
formation. Picture of a commercial support [31] and a schematic of cells cultured on a 
commercial support. Cells are grown on top of a nanoporous membrane in the apical 
compartment and are exposed to two separate compartments (i.e. apical and 
basolateral). 

 
 
 

1.2.2 The Epithelial Voltohmmeter (EVOM) system 

A widely adopted tool for the measurement of the physical barrier of epithelial cells cultured on 
porous membrane supports is the EVOM system of epithelial voltohmmeters which contain STX2 
'chopstick' electrodes connected to an EVOM meter, as shown in Figure 1-5. This was the first 
instrument designed to perform routine TER in tissue culture research. This is a hand-held system 
with two Ag/AgCl electrodes mounted on the tips of two parallel polymeric sticks. To perform the 
measurement one stick is placed into the basolateral compartment of the culture, while the other 
is placed into the apical compartment. The chopstick electrodes are connected to an epithelial Volt-
Ohmmeter which applies the electric stimulus and measures the response of the system. The 
commercial EVOM2 epithelial Volt-Ohmmeter by World Precision Instruments uses a 12.5Hz square 

current wave with nominal amplitude ±10 mA as stimulus. The main drawback of this system is that 
the position of the electrodes relative to the culture affects the current pathway and thus the 
reading of the resistance and the accuracy of this system is influenced by the skill of the operator 
[34]. Moreover, the intrinsic non-homogeneity of the electric field can cause overestimation of the 
cellular resistance [35]. Lastly, this system requires a submerged apical compartment and is 
therefore not suitable for continuous measurements at the ALI. 
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Figure 1-5     Schematic of the commercial EVOM epithelial Volt-Ohmmeter for the measurement 
of epithelium electrical properties. The two ends of the chopstick electrodes STX2 are 
submerged in the basolateral and in the apical compartment. The resulting current 
flows through the cell layer and probes the epithelium [34]. 

 

1.2.3 The CellZscope® system 

CellZscope® by nanoAnalytics GmbH is a commercial system to measure trans-epithelial impedance 
spectra of tissues cultured on Transwell® supports, as shown in Figure 1-6. It is formed by 2 parts. 
The bottom part has steel culture wells which define the basolateral compartments (similarly to a 
microplate) and act as electrodes. The top part is a removable lid with integrated steel electrodes 
which are submerged in the apical compartments. To measure the culture electrical properties, a 
potential difference is applied between the electrodes and the resulting current is measured, 
similarly to the conventional measurement system. Several advantages that this system has over 
the conventional measurement system include an automated and parallelised measurement, a 
homogeneous electric field and the possibility to apply signals with different frequencies, obtaining 
information on both the tissue resistance and capacitance [36, 37]. The main limitation of this 
system is that it can only be used to analyse submerged cultures grown on Transwell® supports and 
therefore is not suitable for continuous measurements at the ALI. 

1.2.4 The Electric Cell-substrate Impedance Sensing (ECIS®) system 

Another commercially available system that uses impedance spectroscopy to monitor cellular 
properties is the ECIS® (Electric Cell-substrate Impedance Sensing) system by Applied BioPhysics. In 
this system, adherent cells are grown directly on top of planar gold electrodes, as shown in Figure 
1-6. When a potential difference is applied between the electrodes, the resulting current depends 
on the cellular coverage and properties. The system can be used to observe several phenomena 
such as cell spreading and proliferation, cellular micro-motion and wound healing. Different 
electrodes geometry are needed to study different effects [37, 38]. The main limitation of this 
system is that it cannot analyse cultures grown on porous supports, which is a necessary condition 
for cell polarisation (i.e. TJ assembly) and differentiation (i.e. ciliated cells and mucus producing 
goblet cells). 
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Figure 1-6     Schematics of commercially available setups for the electrical impedance spectroscopy. 
(a) The cellZscope® is formed by a bottom plate with integrated Transwell® basolateral 
reservoir and steel electrodes, and by a removable lid with integrated apical steel 
electrodes  [36]. (b) The ECIS® system is formed by planar gold electrodes for the 
measurement of adherent cells [38].  

1.3 Organ-on-a-chip devices for monitoring the epithelial barrier 

Organ-on-a-chip are a new class of micro-devices which aim to replace conventional tissue culture 
systems. These models use cutting edge microfabrication technologies to recreate in vitro 
physiologically relevant features of the in vivo cellular environment. In this section some capabilities 
of the organs-on-a-chip that have been demonstrated in the literature are presented. 

1.3.1 Constant perfusion 

The main limitation of conventional static cultures lies in the non-physiological way they are fed. In 
such systems, the cells are submerged by growth medium which is replaced every 2-3 days. In the 
human body instead, cells are fed by constant perfusion of blood through the tissue. This difference 
leads to different concentration profiles of chemicals across the system. In a static system the 
concentration of nutrients is high when the growth medium is added and starts decreasing during 
the following days until the medium is replaced, leading to a saw-tooth profile. In a perfusion 
system the inlet concentration is constant and, if the consumption is stable, the nutrients reach a 
steady-state concentration profile which is stable over time. A similar reasoning can be applied to 
waste produced by the cells, which build-up until the medium is replaced in static cultures, or are 
constantly removed reaching a steady concentration in a constant perfusion environment. Since an 
inhomogeneous concentration profile can affect cellular regulation mechanisms and inhibit cellular 
proliferation, constant perfusion is adopted in all organ-on-chips trying to recreate in vivo-like 
conditions. 

1.3.2 Air-liquid interface systems 

One of the most relevant physiological features of the airways is the coexistence of a gaseous and 
liquid phase. While some cell lines can polarise under submerged conditions, primary bronchial 
epithelial cells (PBEC) require the presence of an ALI in order to polarise, differentiate and form a 
physical barrier. Several organ-on-chip devices enabling this feature have been developed, 
providing a more physiological representative model of the airways. 
 
Nalayanda et al. [39] developed an open access device where epithelial cells can be cultured with 
the apical side open to the atmosphere while they are fed by cell culture medium by flow on the 
basolateral side. In this system, a nanoporous polymeric membrane is sandwiched between two 
layers of poly-dimethylsyloxane (PDMS). The opening is created by punching a hole through the 
PDMS. Cells cultured in this platform demonstrated a higher degree of monolayer integrity and a 
decrease in surface tension of the hypophase as compared to cells cultured under conventional 
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media exposure. In another study Huh et al. investigated the effects that the ALI induces in a cell 
culture with two devices in which the gaseous phase was confined in closed channels and flow 
condition were applied [40, 41]. Schematic structure of the analysed systems are shown in Figure 
1-7. These studies proved the feasibility of the recapitulation of an ALI culture and the replication 
of the alveolar space in a microfluidic device. Moreover, using fluorescence microscopy, TER 
measurements and analysis of the surface tension they showed that this configuration yields a 
culture with responses to microbial infection and nanoparticles that partially recapitulate the 
in vivo situation. In all these studies, a direct measurement of barrier integrity at the ALI with the 
standard EVOM® system was not possible due to the lack of an apical electrolyte. To enable the 
measurement, apical compartments of cultures were temporarily submerged with medium and left 
to stabilise for 10 minutes. 
 

 

Figure 1-7    Examples of lung-on-a-chip devices from the literature of epithelial cells cultured at the 
ALI. A device with an open access chamber for an ALI monoculture of bronchial 
epithelial cells [39] (a). The ALI recapitulates the in vivo situation and is required for 
the differentiation of PBECs. A device with a channel for the air flow [41] replicating 
the alveoli (b). 

1.3.3 Chemical stimulation 

In order to minimize the cost of testing new drugs, the throughput of any device should be 
maximised. One way to improve the drug testing throughput of a device is by increasing the number 
of different concentrations of the drug to be tested at the same time in parallel. Different 
engineering approaches capable of testing several drug concentrations at once have been proposed 
and 3 examples are discussed below and are shown in Figure 1-8. 
 
Xu et al., [42] developed a system that can test in parallel a discrete number of concentrations of a 
chemical. Each concentration to be tested has a separate submerged culture chamber. All the 
chambers have common inlets for the target chemical and for the eluent. The different 
concentrations are generated in different channels running from the chemical inlet to the culture 
chambers. The number of different concentrations that can be tested in one run depends on the 
design of the device (12 in the device reported in this study). In this study, a human non-small cell 
lung cancer cell line (SPCA-1) was used. Kim et al., [43] developed a system that creates a 
continuous gradient of a chemical across a cell culture. This device relies on diffusion to create the 
gradient. It is formed from two channels, with different inlets and outlets but common middle tract. 
Once steady state is reached, the chemical has a constant concentration profile across the channel 
section that ranges from zero to the inlet concentration. This device was used to study induced 
epithelial to mesenchymal transition in A549 human lung alveolar epithelial cells. In a similar study, 
Sip et al., [44] developed a platform for the application of a continuous gradient to cell cultured on 
the bottom of a multi-well plate. This system used commercial supports and PDMS inserts to 
produce a diffusion based gradient on submerged cultures. This system was used to study the 
induced migration of a neutrophil cell line (HL-60). A common advantage shared by the last two 
devices is the flexibility in timing and orientation of the gradient, because both of them are 
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untethered from the substrate. All these systems provide valuable approaches for high-throughput 
studies of concentration-dependent effects. 
 

 

Figure 1-8     Examples from the literature of high throughput devices for drug testing. (a) A device 
with separate chambers to generate a discrete number of concentration [42]. (b,c) Two 
devices to generate continuous gradients on cells cultured on the bottom of a culture 
well [43, 44]. 

1.3.4 3D environments 

Cells are greatly influenced by their surrounding environment. In physiological conditions, they are 
surrounded by the extracellular matrix (ECM), which is a mixture of macromolecules and proteins 
(of which collagen I is the most abundant [45]) which has structural and regulatory effects on the 
cell. The recapitulation of this physiological environment is an aspect which is often pursued in 
tissue engineering. Three dimensional (3D) structures are usually adopted in cell cultures in order 
to maximize the degree of fidelity of the model. A 3D culture can be achieved through the use of 
3D features, through culture of multiple cell types or through 3D differentiation (e.g. PBEC ALI 
cultures). 
 
Zhang et al., developed a device for the culture of cells in different types of 3D scaffolds [46]. Among 
other findings, the culture of osteocytes on polystyrene (PS) microbeads and the culture of primary 
murine intestine epithelial cells on an electrospun nanofibrous mesh were successfully achieved, 
highlighting the high adaptability of the platform. In another study, Wu et al., reported different 
morphologies for PBECs grown in different environments [47]: cells cultured on a thin layer of type 
IV collagen-coated membranes showed a cobblestone appearance whereas cells cultured on a 
thicker layer of growth factor-reduced Matrigel (a commercially available mixture of ECM proteins 
secreted by mouse sarcoma cells) assumed a 3D spheroid configuration. Osei et al., performed a 
3D co-culture on commercial supports [48]. Human bronchial epithelial cells (16HBE14o-) and 
human fibroblast (MRC-5) were cultured in different compartments of the system. The interaction 
between the two types of cells led to increased levels of produced pro-inflammatory cytokines (IL-
8). Examples of 3D cultures from the literature are reported in Figure 1-9. 
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Figure 1-9  Examples of 3D cultures from the literature. (a) A system for the culture on PS 
microbeads or on electrospun polymer [46]. (b) Differences between cobblestone and 
globular appearances of HBECs cultured on different substrates [47]. 

1.3.5 Membrane permeation 

A key aspect of the effectiveness of a drug is its ability to reach the systemic circulation. In order to 
do so, drugs need to have high permeability through the epithelium and to be substantially 
absorbed [49]. Drugs can be absorbed either by passive diffusive or active transport by membrane 
proteins. Both epithelial cell lines and primary cells have been used to perform in vitro permeation 
studies on the culture [50]. 
 
Forbes et al., [51] performed permeation studies on the human bronchial epithelial immortalised 
cell line (16HBEs) which were polarised by growing on commercial supports. They reported a 
decrease in the permeability of the culture to mannitol as the TJs were established over time, as 
shown in Figure 1-10. Moreover, they studied the relation between membrane permeability and 
hydrophobicity using drugs with different partition coefficients (i.e. the equilibrium solubility in the 
cells), namely: mannitol, sotalol, salbutamol, atenolol, metoprolol, timolol, betaxolol and 
propranolol . Jang et al., reported the development of a microfluidic tubule-on-a-chip as an in vitro 
model to study drug permeation through a culture of primary human kidney proximal tubular 
epithelial cells [52]. The study highlighted the importance that the continuous flow has in 
maintaining the physiological properties of the culture such as cell polarisation, primary cilia 
formation, albumin transport, glucose reabsorption, and recovery from a cytotoxic compound 
(Cisplatin). 
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Figure 1-10    Correlation between TER and mannitol permeability. As TJs are established over time, 
the electrical resistance of the culture increases whereas the permeability decreases 
[51]. 

1.3.6 Mechanical stresses 

Mechanical stresses are known to play an important role in cellular physiology [53]. Cells all over 
the body are affected by shear stresses caused by blood flow. In the lungs, alveoli naturally undergo 
cyclical mechanical stretch associated with breathing while in chronic respiratory disease the airway 
bronchial epithelium undergoes compression as a result of bronchoconstriction. 
 
The stretching associated with breathing in the alveoli compartment was recreated in a PDMS chip 
by Huh et al., [40]. Human alveolar epithelial cells and human pulmonary microvascular endothelial 
cells were cultured on the different sides of a porous membrane sandwiched between two layers 
of PDMS. In addition to the channels for the liquid phase and for the gaseous phase, there were 
two ancillary channels located either side. The cyclical application of vacuum in the side channels 
caused a deformation of the thin PDMS walls and the subsequent stretching and relaxation of the 
culture. Another study by the same author [41] reported the development of a device to investigate 
the noxious effects that the formation and implosion of air plugs might have on the culture. This 
condition is observed in several pulmonary diseases, including chronic obstructive pulmonary 
disease and asthma. This device has the capability to create small plugs of liquid in a flow of air and 
to push them along the culture. As the liquid plugs advance in the channel they lose liquid on the 
wall: this will cause consumption of the plugs which will eventually implode enforcing mechanical 
stresses to the cells. Schematics of the devices used in the 2 studies are reported in Figure 1-11.  
 
Compression associated with bronchoconstriction in the bronchial compartment was recreated by 
Chu et al., [54] and by Ressler et al. [55], who used the same model to apply compression stress on 
a culture of normal PBECs and to a culture of rat tracheal epithelial (RTE) cells, respectively. To 
obtain the transcellular compression they injected a stream of compressed air in the apical 
compartment of a standard Tranwell® system sealed with a silicon plug. Using immunofluorescence 
and total RNA analysis, they observed that under compression conditions epidermal growth factor 
receptor (EGFR) shows an autocrine activation process in PBECs [54] and that RTE upregulate 
expression of mRNAs for Egr-1, ET-1, and TGF-b1 in a magnitude- and time-dependent manner [47].  
In these studies, mechanical stresses were found to have great effects on the culture, having a 
direct impact on cellular viability and on transport properties. 
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Figure 1-11  Examples from the literature of devices which recreates physiological mechanical 
stresses. (a) A cyclical stretching of the membrane equivalent to the one caused by 
breathing is achieved by applying cyclical vacuum in the side channels [40]. (b) A device 
to generate air plugs and implode them on the culture [41]. (c) A system to apply 
compression stress on a static culture of epithelial cells on Transwell® [47]. 

1.3.7 Body-on-a-chip 

The human body is a complex network of interacting organs: biological studies that focus only on 
one tissue can miss important effects stemming from multi-organs interaction. For example, in the 
human body the plasma concentration of a drug over time is controlled by its ADME processes [56]. 
Tissues deriving from different organs are required to recapitulate these effects in vitro. A micro-
engineering approach to overcome this issue is the body-on-a-chip, where different tissues are 
culture in separate chambers and are exposed to the same medium. In this way, synergic 
interactions can be analysed [15].  
 
Li et al., [6] developed an integrated discrete multiple organ cell culture (IdMOC) system, where 
cells derived from 6 different tissues (normal human primary hepatocytes (liver, metabolism), 
kidney proximal tubule cells (kidney, excretion), small airway epithelial cells (lung), aortic 
endothelial cells (heart), aortic endothelial astrocytes (brain) and MCF-7 human breast 
adenocarcinoma cells) were cultured in segregated wells with an overlying common layer of culture 
medium. This system was used to compare the toxicity of an anti-cancer drug (tamoxifen) toward 
each cell type, and found that, based on the concentration needed to cause 99% drop in survival, 
MCF-7s were the most affected by the drug and the hepatocytes were the least affected. In another 

study, Sung et al., [57] developed a micro cell culture analog (mCCA) where cells derived from the 
liver, the marrow and colon cancer were cultured in three separate chambers connected by the 
medium flow. Flow residence times for each chamber and for an external reservoir (which 
mimicked the hold-up of the remaining part of the body) were designed to resemble physiological 
conditions. This system was able to reproduce the physiological metabolism of an anti-cancer drug 
(Tegafur®, a prodrug of 5-fluorouracil), as opposed to cells cultured in standard systems. In another 
study, Imura et al., [58] designed a PDMS microsystem that integrated intestinal cells on a porous 
support, liver cells on beads and cancer cells on glass connected by the medium. A pro-drug 
candidate (epirubicin) was introduced in the apical compartment of the intestinal cells: in order to 
have an effect on the cancer culture it needed to be absorbed by the intestinal cells and be 
metabolised by the liver cells. The results obtained with this system were comparable with the pre-
existing clinical ones demonstrating its capability to obtain in vitro physiological response to drugs. 
Schematics of the 3 systems are shown in Figure 1-12. While these body-on-a-chip systems are still 
far from recapitulating the in vivo complexity of the human body, they can be used in conjunction 
with mathematical pharmacokinetic models to obtain predictions of drug effectiveness and toxicity 
during the preclinical development stage that are more reliable than current models [59]. 
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Figure 1-12  Schematics of body-on-a-chip systems. (a) Static wells exposed to the same static 
medium (6 cell types) [6]. (b) Microfluidic system with cells cultured on glass surface 
(3 cell types) [57]. (c) Microfluidic system with cells cultured on porous support, beads 
or glass surface (3 cell types) [58]. 

1.3.8 Electrical characterisation of barrier properties 

The TER of an epithelial cell layer is a variable that yields information on the status of the TJs, on 
the tightness of the barrier and on cellular viability. The monitoring of this value is extremely useful 
to assess effects of positive or negative stimuli, and many studies proposed different systems for 
its measurement. Schematics of 4 systems from the literature used to measure cellular electrical 
properties are shown in Figure 1-13. 
 
Hediger et al., [60, 61] proposed two studies aimed towards the development of a device produced 
in a clean room environment with integrated electrodes for the measurement of TER. In these 
studies, they produced and tested both platinum and Ag/AgCl electrodes. The integration of the 
polymeric porous support into the system was reported as the critical step in the manufacturing 
process: to ensure the absence of the glue on the culture surface during assembly a custom gluing 
procedure was developed. These systems could detect an increase in the measured resistance after 
the submerged culture of Madin-Darby canine kidney (MDCK) cells (Figure 1-13a). In another study, 
Booth et al., [62] developed a PDMS microfluidic device with integrated Ag/AgCl electrodes to 
monitor the development of the blood brain barrier (Figure 1-13b). The system used the 
commercial EVOM2 epithelial volt-ohmmeter to perform a TER measurement every 12 hours, and 
compared the electrical properties of endothelial cells mono-cultures and co-cultures of endothelial 

cells and astrocytes. The microfluidic blood brain barrier (mBBB) showed significantly higher TEER 
levels than in static models, with a comparatively short time to steady state TEER compared to 
dynamic in vitro blood brain barrier (DIV-BBB). The same system was used to assess the time 
required for the culture to recover from stimulation with Histamine. 
 
Odijk et al., [63] performed a study on the modelling and measurement of TEER in a gut-on-a- chip 
(Figure 1-13d). They used standard Ag/AgCl chopstick electrodes to measure electrical properties 
of human intestinal epithelial Caco-2 BBE cells on parallel cultures of standard and microfluidic 
systems. In the study they observed that the confined environment of the microfluidic channel and 
small tissue imperfections can greatly affect measured TEER values, stating that a 1% hole in the 
cell coverage can induce a 90% drop in TEER. Henry et al., [64] reported the development of a 
microfluidic device with integrated gold electrodes for the four-points measurement of TEER 
(Figure 1-13e). Using this system, they were able to follow the differentiation of human primary 
small airway epithelial cells at ALI culture conditions and human intestinal epithelial cells under 
submersion. They were also able to monitor the disruption of cellςcell junctions after exposure to 
a chelating agent (EGTA). In this study, the culture was temporarily submerged before the 
measurement of the barrier electrical properties. Maoz et al., [65] reported a microfluidic heart-
on-a-chip for integrated measurements of electrical activity, barrier function and conformational 
changes (Figure 1-13f). This device featured Pt/Pt-black electrodes for TEER and micro-electrodes 
array (MEA). The MEA was used to monitor the spontaneous beating frequency of an 
endothelialised myocardium. 
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Figure 1-13   Systems for the measurement of cellular electrical properties from the literature. (a) 
Glass system for the measurement of trans-epithelial resistance of cell cultured in 
static condition with Ag/AgCl electrodes [60]. (b) PDMS system for the measurement 
of trans-endothelial resistance of cell cultured under constant perfusion with Ag/AgCl 
electrodes [62]. (c) PCB based system for the measurement of trans-epithelial 
resistance of cell cultured in static condition with Cu/Au electrodes [66]. (d) Gut-on-a-
chip system for the measurement of trans-epithelial resistance of cell cultured under 
constant perfusion with external Ag/AgCl electrodes [63]. (e) Microfluidic system for 
the four-points impedance measurement of epithelia [64]. (f) Heart-on-a-chip with 
integrated TEER and MEA electrodes for epithelial electrical measurement and 
spontaneous beating frequency analysis [65].  

 
 
All the systems for barrier characterisation described so far, used electrodes placed in the two 
different compartments of the epithelial culture. Therefore, none of those systems can be used to 
perform real-time barrier measurements of ALI cultures, because they all required the apical 
electrodes to be submerged. Sun et al., [66] reported the development of a PCB-based device for 
the measurement of the electrical properties of epithelial cells cultured on a commercial culture 
support (Figure 1-13c). The system used coplanar gold electrodes coated with a conductive 
polypyrrole-polystyrene sulfonate (PPy-PSS) to improve electrode performances. In contrast with 
standard measurements, in this system both electrodes were placed on the basolateral side of the 
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culture. Measurements of the barrier electrical properties after the stimulation with two chemicals 
known to have different effects on the barrier was successfully reported and demonstrated that 
barrier properties of epithelial cells could be continuously monitored in real-time. Currently, full 
integration of electrodes within organ chip microfluidic culture devices remains challenging and the 
location, dimensions and geometry of the electrodes is non-optimized [64]. 

1.4 State of the art limitations 

Organs-on-chip are a new class of devices which improve the standard system by integrating a wide 
range of physiologically relevant features, such as electrical, chemical, environmental and 
mechanical stimuli. An ideal device featuring all these aspects is currently out of technological reach 
due to manufacturing and operation complexities. Instead, platforms upgraded with few 
application-specific features are within reach and have the potential to improve the system 
reliability and to improve our basic understanding of complex biological systems.  
 
Currently, there are no systems able to perform the electrical real-time monitoring of epithelia 
cultured at the ALI. Existing organ-on-ŎƘƛǇ ǿƛǘƘ ŜƭŜŎǘǊƻŘŜǎ ƻƴ ōƻǘƘ ǎƛŘŜ ƻŦ ǘƘŜ ŎǳƭǘǳǊŜ ŎŀƴΩǘ ǇŜǊŦƻǊƳ 
a measurement directly at the ALI and require a momentary submersion of the culture to perform 
the measurement, thus achieving poor temporal resolution. The only existing system having both 
electrodes on the same side of the culture provides a poor representation of the in vivo physiology 
and lacks the sensitivity necessary to measure ALI cultures. Moreover, most systems reported in 
the literature adopt manufacturing technologies not suitable for mass manufacturing, thus having 
poor scalability. 
 
In summary, there is the need to create a better in vitro platform for epithelial cell culture yielding 
high-throughput and reliable information on epithelial barrier properties. Such device could reduce 
the attrition rate at the clinical stage of drugs development and greatly reduce the costs associated 
with it.  
 

1.5 Aim of the project 

The aim of this project is to develop a microfluidic device for the culture and electrical analysis of 
barrier properties of epithelial cells. The device provides a physiologically relevant representation 
of the cellular environment and is capable to sustain the growth of an epithelial cell culture under 
constant perfusion for the time required for the establishment of a physical epithelial barrier. It 
enables cell culture and electrical monitoring under submerged or ALI conditions, and is capable to 
detect fine variations of epithelial barrier properties. The device is automated and capable to 
perform real-time (minutes-scale) and long-term (weeks-scale) measurements. It is produced 
adopting scalable manufacturing technologies, making it apt to mass-manufacturing. Moreover, the 
device is compact and suitable to parallelization to increase the system throughput. 
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Chapter 2: ¢ƘŜƻǊȅ ƻŦ [ŀōπƻƴπŀπŎƘƛǇ 

Organs-on-chip are a subset of the lab-on-a-chip class, which refers to devices that can perform a 

wide range of tasks, with the common feature of being miniaturised (mm size) and fabricated using 
standard semiconductor technologies. This technology has found applications in many fields, 
especially in life sciences. The design of such devices involves several branches of physics, 
combininƎ ǘƘŜ άǿŜǘƴŜǎǎέ (Fluid Dynamics, Biology, Chemistry) of life sciences with the άdryƴŜǎǎέ 
(Mechanics, Electrics, Electronics) of the semiconductor industries. This chapter provides a 
theoretical background of fluid dynamics and of electrical measurement in biological systems. 

2.1 Fluid dynamics in microsystems 

The behaviour of fluids at the microscale differs from the macroscale that we observe every day. 
Many effects such as turbulence, mixing, time-dependence, etc. have completely different 
dynamics at the two scales. This peculiar fluid mechanic at the microscale is called microfluidics. 
Lab-on-a-chip systems take advantage of the special properties of microfluidics to perform cheaper, 
faster and more controlled operation compared to macroscale. In this section the equation which 
rules the microscale is derived as a particular case of the more complex general equation, and 
dispersion phenomena which are negligible at the macroscale but important at the microscale are 
also examined. 

2.1.1 Navier-Stokes equation  

The equation that governs the behaviour of an incompressible Newtonian fluid (i.e. a fluid where 
the viscous stress are proportionally to the local strain rate, such as water) is known as the Navier-
Stokes equation [67]: 

    ” όϽɳό ὴɳ ‘ᶯό           ( 2.1 ) 

 
Here όὼᴆȟὸ is the velocity field which depends on the spatial coordinates ὼᴆ ὼȟώȟᾀ and on the 
time ὸ, ὴὼᴆȟὸ is the pressure field, ” is the density and ‘ is the dynamic viscosity of the fluid. The 
system of equations must be coupled with the mass conservation constraint. If the density is 
constant (i.e. negligible thermal expansion and incompressible fluid) the mass conservation can be 
expressed as: 

      Ͻɳό π               ( 2.2 )  

2.1.2 Dimensionless Navier-Stokes equation  

The Navier-Stokes equations can be made dimensionless by rearranging the constant terms. 
Dimensionless equations are useful because they are independent of the scale of the system and 
allow for qualitative comparisons. To obtain a dimensionless equation, characteristic quantities 
specific to the system are introduced: 

¶ ὒis a characteristic length scale. It is usually either the biggest spatial dimension (length of 
the device) or the dimension of a small part in the system (valve seat, restriction in a 
channel). 

¶ Ὗ  is a characteristic velocity in the system. 

¶ Ὕ is a characteristic timescale. If the system is subject to an external periodic perturbation 
with frequency Ὢ, it is  Ὕ ρȾὪ. If the steady state is considered, it is ὝᴼЊ.  

¶ P0 is a characteristic pressure in the system. 
 
Using the following normalisations: 
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  όᶻ  Ƞ ὸᶻ  Ƞ ὴᶻ  Ƞ  ɳᶻ ὒ  ɳ       ( 2.3 ) 

 
the Navier-Stokes equations in dimensionless form become [68]: 
 

  ”
ᶻ

ᶻ όᶻϽɳᶻόᶻ ᶯᶻὴᶻ ‘ᶯ
ᶻ
όᶻ    ( 2.4 ) 

 
Rearranging the constant terms gives: 
 

  
ᶻ

ᶻ όᶻϽɳᶻόᶻ ᶯᶻὴᶻ ᶯ
ᶻ
όᶻ                           ( 2.5 )  

 
Which can be expressed as: 
 

   ὙὩὛὸ
ᶻ

ᶻ όᶻϽɳᶻόᶻ ᶯᶻὴᶻ ᶯ
ᶻ
όᶻ                                 ( 2.6 ) 

 
Where Re, St and Ru are three dimensionless numbers: 
 

¶ ὙὩ   is the Reynolds number. It represents the ratio between inertial and viscous 

forces and will be analysed in more detail in the next section. 
 

¶ Ὓὸ   is the Strouhal number. It represents the ratio between the advection time and 

the timescale of an external force applied to the system. If no external force is present, 

then Ὕ   and Ὓὸρ. If the system is in a steady state, then  ὝᴼЊ  and Ὓὸπ, 

which makes velocities independent of time. 
 

¶ Ὑό  is the Ruark number. It represents the ratio between advection (transport by 

bulk motion) forces and a characteristic pressure. 

2.1.3 Reynolds number 

The Reynolds number is a dimensionless quantity that characterises the degree of turbulence of a 
flow. In the original experiment of Reynolds [69], there were two pipes that ended in a single 
transparent pipe generating a coaxial flow. Water and a tracer dye were pumped through the 
system. At low flow rates the trace of the dye was stable along the pipe, whereas at high flow rates 
the water formed vortices resulting in an unstable trace and quick mixing, as shown in Figure 2-1. 
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Figure 2-1    Different flow regimes highlighted by Reynolds (adapted from [69]). A coloured tracer 
(black) is flown coaxially with a flow of water. (A) Laminar flow: if the flow rate is low 
the tracer is stable across the pipe. (B) Turbulent flow: if the flow is increased the tracer 
flow breaks at a certain distance from the inlet causing the water to colour down. If 
this flow is observed with a reduced shutter time (C) it is possible to observe ripples of 
the tracer flow. 

 
From these observations it was concluded that there are two possible types of flow for a fluid: 

¶ A laminar regime where the fluid flows in an ordered manner with each particle following 
a parallel trajectory or streamline. 

¶ A turbulent regime where the fluid flows in a chaotic manner forming vortexes. 
 
For a horizontal pipe in laminar regime the vertical components of the velocities are always zero, 
whereas in turbulent regime the instantaneous local velocities might be different from zero but 
with a zero mean.  
 
It is possible to predict which kind of flow occurs in a system by analysing the Reynolds number: 

¶ For ὙὩ ρππππ  the flow will be turbulent. 

¶ For ὙὩ ρπ the flow will be laminar. 

¶ For ρπ ὙὩ ρππππ  there will be a mixed flow with transition from one behaviour to 
the other. 
 

In microfluidic systems the typical dimension is in the order of 10-100 µm and the typical velocity 
is in the order of 1 mm/s, which for water-based systems yields: 

    ὙὩ
    

 

  ͯ  πȢρ                 ( 2.7 ) 

which is well within the laminar flow regime. 

2.1.4 Stokes equation 

If no external time-dependent perturbation is applied, then Ὕ   and Ὓὸρ : in a microfluidic 

systems where ὙὩḺρ, then  ρͯ  to apply the mass conservation constraint. The Navier-Stokes 

equation then simplifies into the Stokes equation [70]: 
 

     ὴɳ ‘ᶯό π                   ( 2.8 ) 

                                                                                                                               

                ɳ Ͻό π                                    ( 2.9 ) 
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2.1.5 Boundary conditions  

Boundary conditions (BC) are required to solve the differential Stokes equation. Here are presented 
some of the most commonly used BC for different boundaries: 
 

¶ No-Slip: for a flow along a smooth wall it is assumed that fluid particles do not move with 
respect to the wall. If the wall is still, then fluid particles will be still. If the wall is moving, 
fluid particles will move with the same velocity of the wall. 
 

      ό  π           ( 2.10 ) 

 

       ό  ό           ( 2.11 ) 

 
 

¶ No-Stress: for a flow along a gas surface it is assumed that no shear stress is applied. 
 

                        π           ( 2.12 ) 

 

¶ Slip-Length: for a flow along a rough wall the contact will be formed by regions of liquid/wall 
and regions of liquid/trapped air, therefore the result will be a mixture of the previous BC. 
An empirical parameter called slip length ὰ which represents the amount of slip can be 
defined. 

      ό ὰ               ( 2.13 ) 

 

¶ Impermeability: no flow into the wall is allowed. 
 

      ό π         ( 2.14 ) 

2.1.6 Poiseuille flow profile  

Consider the system in Figure 2-2, which shows water flowing in a microchannel of height 2h. The 
walls are still, impermeable and infinitely along the z-axis. The flow is driven by the pressure 
difference P1-P2.  
 

 

Figure 2-2    Schematic for the pressure-driven flow between two still plates. The origin of the y-axis 
is in the centre of the channel. The channel height is 2h. Pressure P1 is applied at one 
end and pressure P2 is applied on the other. 
























































































































































































































































