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Abstract  

In vitro cell models are widely accepted platforms for toxicological studies 

and drug screening. However starting from the conventional 2D models, 

improvements are needed to reproduce the native physiological environment of 

the targeted tissue. As they usually represent the first line to cross for the 

adsorption of substances, barrier tissues are extremely interesting for toxicology 

and drug delivery. Major advances in the field of tissue engineering have given 

rise to barrier tissue models that accurately recreate cell-cell and cell-matrix 3-

dimentional interactions.  However, the development of characterization 

platforms to quantify the permeability of barrier tissue models hasn’t followed the 

rapid pace of complexification of the biological models. In this work I explore the 

possibilities to design conductive polymer-based devices adapted for the 

characterization of 3D barrier tissue models. 

The regulation of passive ion diffusion across barrier tissues mostly 

happens through the paracellular route. Electrical measurements are traditionally 

used to quantify ion flow across barrier tissues and evaluate integrity and 

tightness of these tissues. Conventional electrical tools are made of metal 

electrodes placed on each side of the barrier tissue. They measure the current flow 

that crosses the cell layer. This technology suits most of the conventional 2D cell 

culture configurations. However, it presents limitations when it comes to 
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analyzing customized 3D tissue models due to size and stiffness issues in 

traditional electrical instruments. 

As an alternative option to metal electrodes, organic electronic materials 

have shown great promise to interface with biological tissues. In particular the 

Organic ElectroChemical Transistor (OECT) using poly(3,4- 

ethylenedioxythiophene) doped with poly (styrene sulfonate) (PEDOT:PSS) has 

already shown great efficiency to quantify electrical properties of barrier tissues 

in 2D. Thanks to microfabrication techniques they can be miniaturized and tuned 

to form mechanically compliant interface with a range of biological tissues. 

PEDOT:PSS related volumetric capacitance improves OECT ionic conductance 

sensitivity. 

In this thesis, OECT devices have been adapted to a range of 3D cell culture 

configurations for in vitro modeling of barrier tissues. Compatibility with models 

such as tracheal cell culture at the air-liquid interface, spheroid models and 

microvessel-on-a-chip system has been tested. The achievements described in this 

work present significant progress in the field of in vitro platforms of barrier tissue 

modeling for toxicology and drug discovery testing.  
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Abstract  

La réglementation européenne des 3Rs (Remplacer, Réduire, Raffiner) 

impose de diminuer le nombre d’animaux utilisés à des fins de recherches 

scientifiques. Elle répond à des exigences éthiques en soutenant le développement 

de méthodes alternatives telles que les modèles cellulaires in vitro. Les récents 

progrès en micro-fabrication et techniques d’ingénierie tissulaire ont permis une 

avancée remarquable dans la complexification des plateformes de cultures 

cellulaires .Ces dernières favorisent l’agencement tridimensionnel (3D) des 

cellules et les interactions biophysiques et biochimiques avec leur 

microenvironnement. Elles ont favorisé le développement de modèles de tissus et 

organes en laboratoire capables de mimer les principales fonctions physiologiques 

du corps humain. Bien qu’elles soient primordiales, les plateformes de 

caractérisations cellulaires et tissulaires n’ont pas su suivre l’évolution rapide des 

modèles in vitro. Au cours de cette thèse nous évaluerons le potentiel des 

dispositifs électroniques à base de polymères conducteurs pour caractériser la 

sélectivité ionique des nouveaux modèles de barrières tissulaires. 

Les protéines qui forment les jonctions serrées permettent la régulation de la 

diffusion passive des ions au travers des barrières tissulaires. Ces protéines se 

comportent comme des canaux sélectifs qui peuvent être dans un état ouvert ou 

fermé.  Les outils conventionnellement utilisés pour quantifier le niveau de 
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sélectivité des barrières tissulaires sont composés d'électrodes en métal. Elles sont 

placées de chaque côté de la barrière et mesurent la capacité du tissu à conduire le 

courant électrique .Ces outils sont particulièrement bien adaptés pour les modèles 

2D comme les Transwells®. En revanche, il est difficile d'intégrer ces électrodes 

au sein des nouveaux modèles 3D à cause de leurs tailles et de leurs rigidités. 

Une des alternatives possibles à ces limitations repose sur l’utilisation des 

transistors organiques électrochimiques (OECTs) à base de PEDOT:PSS 

(poly(3,4- ethylenedioxythiophene ) dopés par des anions de polystyrène 

sulfonate). Il s’agit d’un matériel organique conducteur qui a déjà montré son 

efficacité pour la caractérisation de barrières tissulaires de configuration plane. 

Contrairement aux électrodes en métal, les dispositifs à base de PEDOT:PSS 

présentent une capacitance volumétrique qui leur permet de détecter les 

changements de concentrations ioniques avec une sensibilité et une résolution 

spatiale améliorée Les OECTs offrent également une grande flexibilité de 

configuration. Ils pourraient ainsi être amenés à concurrencer les outils 

conventionnels pour la mesure de conductance ionique de barrières tissulaires 

intégrées au sein de nouvelles plateformes 3D. 

Les travaux menés dans cette thèse ont permis de développer des 

plateformes électriques à base d’OECTs pour caractériser des sphéroïdes, des 

cultures cellulaires à l’interface air-liquide ou encore les systèmes ‘organ-on-a-

chip’. Ces plateformes représentent une avancée majeure dans le domaine des 

modèles in vitro pour les essais toxicologiques. 
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Chapter 1: Introduction 

1.1. Thesis overview 

Nowadays, more than $2 billion and about 10 years are required to develop 

one new drug on average1. In vitro cell models represent a popular tool for drug 

testing as well as a convenient alternative to animal models. However, 

conventional flat cell culture fail to accurately predict what will happen in humans 

when they are treated with a drug. This may be due in part to a mismatch between 

how cells work in our body and the 2D in vitro models we use. This is mainly due 

to the interactions with the surrounding microenvironment. For example, the 

complexity of the blood brain barrier (BBB) is usually reduced to cell culture on a 

flat, stiff surface and diffusion of soluble growth factors, which doesn’t take into 

account the matrix mechanical cues and cell-cell interactions. To address this 

global healthcare challenge, microphysiological systems that aim to mimic the 

native cell microenvironment through the 3D cell culture are on the rise.   

In this thesis work, I present new approaches to characterize barrier tissues 

within a range of 3D cell culture platforms. I reasoned that preserving the integrity 

of both cell-cell and cell-matrix interactions will allow more predictive data in the 

field of drug testing and toxicological assays. To do so, I worked to interfaces and 

integrate bioelectronics with in vitro barrier tissues. Organic electrochemical 

transistor (OECT) represents an innovative device to interface with living tissue 

by recording ionic signals. OECTs are able to detect micromolar changes in ionic 

concentration with a millisecond temporal resolution2. They have been 

successfully used to characterize ionic barrier tissue selectivity in 2D 

configurations. We took advantage of the OECT flexibility to design compact 

devices that match with 3D barrier tissue models.  

To begin with, in chapter 2, I bring a broad overview of barrier tissue 

structure and physiological functions. It details the molecular organizations of 

tight junction proteins that not only bridge endothelial or epithelial cells but also 

regulate ions and solutes passive diffusion across barrier tissue. I review the main 

features of 2D and 3D barrier tissue in vitro models and present available 
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characterization platforms to assess ionic and solute barrier selectivity. Firstly 

designed for 2D models, most of these platforms present technical limitations. 

Because of this, they end up giving contradictory results when integrated within 

3D cell culture systems. Thus OECTs are introduced as a promising way to 

overcome these challenges. Made of organic materials, they benefits from 

miniaturization thanks to their fabrication via photolithography and can easily be 

integrated within barrier tissues in a seamless and non-invasive way. They have 

been designed to monitor transepithelial resistance (TER) in a Transwell® model3 

as well as TER and cell coverage in a planar configuration4.   

In chapter 3, I present an electrical platform able to record for the first time 

ionic selectivity of tracheal cells under physiological conditions. Tracheal cells are 

part of the airway epithelium which makes a physical separation between the 

external and the internal environment. As a result, tracheal cells are usually 

cultured at the air-liquid interface (ALI), which improves tissue functions (ie 

mucus secretion and clearance). However, there is a mismatch between in vitro 

models and electrical platforms:  current electrical monitoring systems are usually 

made of rigid metal electrodes and require the tissue to be fully-immersed in an 

electrolyte to operate. I propose to pattern organic material on a flexible electrode 

so ion exchanges happen through the cell-secreted mucus. I highlight specific 

cellular response to e-cigarette aerosols by performing for the first time 

continuous monitoring using an adapted flexible electrode OECT.   

In chapter 4, I coupled an OECT with a microfluidic trapping device to 

assess spheroid impedance sensing. The production of spheroids falls within the 

rapid expansion of 3D cell models. The method consists in culturing adhesive 

cells on a non-attachable substrate and forcing them to agglomerate and secrete 

their own extracellular matrix. In that configuration, cell-cell and cell-matrix 

interactions are better preserved. However, there are only a few in-line monitoring 

platforms to study spheroids. In this chapter I show how I modified the 

conventional OECT fabrication protocol to integrate it with a 

polydimethylsiloxane (PDMS) microdevice to accurately measure the impedance 

of spheroids.  

In chapter 5, compact planar OECTs are integrated into a BBB-on-a-chip 

system. The organs-on-chip technology offers the possibility to culture cells in 
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microfluidic tubes under highly controlled conditions. Mechanical forces can be 

applied to the PDMS chip to mimic physiological events such as breathing and 

blood pressure. The integration of rigid metal electrodes within micron-size 

chambers of organ-on-a-chip device remains challenging. In this section I detail a 

method to integrate multiple OECTs along microvessel-networks designed into a 

collagen matrix. I introduce how OECTs enable to accurately compare in vitro 

BBB functions in 2D configuration with 3D configuration.  

In chapter 6, I review the new materials used to improve in vitro BBB 

models. The BBB is constituted by microvascular endothelial cells that form a 

highly selective ionic barrier. They are surrounded by several cell types (including 

astrocytes and pericytes) and also by a defined matrix called the basal membrane 

(BM). BBB endothelial cells require several biochemical and physical cues 

coming from the surrounding environment, which render the tissue difficult to 

reproduce on the bench. I highlight materials that have been used to mimic native 

tissue microstructure. I partly focus on matrix mechanical features to improve 

BBB ionic selectivity. BBB is also surrounded by neurons that generate electrical 

signals. There is therefore an interest in understanding how BBB react after 

electric stimulation. The use of organic conducting materials is envisioned as 

promising because it electrically conducts substrate to culture BBB endothelial 

cells. 

The thesis ends with conclusions and suggested areas of continued scientific 

investigation (see Chapter 7 Conclusions).  

Each chapter starts with a list of Collaborators who contributed to the work 

presented in that chapter and ends with a comprehensive list of references. 

Detailed contributions are provided for each chapter in the following section 

(section 1.2). At the beginning of each chapter, it is specified if the work 

presented has been published or submitted to a peer-reviewed journal at the time 

of submission of this thesis. For chapters presenting experimental results, a brief 

Materials & Methods section is also included within.  

1.2. Collaborators 

1.2.1. Collaborators for Chapter 2 
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Information contained within this chapter was compiled and written 

independently. There are no collaborators for this chapter. 

1.2.2. Collaborators for Chapter 3 

Collaborators: Dr Lara Leclerc1, Dr Mohamad Sleiman2, Bastien Marchiori3, Dr 

Jérémie Pourchez1, Dr Roisin M. Owens4,5* and Dr Marc Ramuz3* 

1Mines Saint-Étienne Department of Biomaterials and Inhaled Particles 
2 Sigma Clermont Department of Photochemical 
3Mines Saint-Étienne Department of Flexible Electronics 

4Mines Saint-Étienne Department of Bioelectronics 
5Cambridge University Department of Chemical Engineering and Biotechnology 

Contributions: Various collaborators contribute to this work. The project was 

first initiated by both Dr Ramuz and Dr Owens. Dr Ramuz set parameters for 

pulse-time response recording after introduction of tracheal barrier tissue and 

adapted the Matlab code for the extraction of the time constant. B. Marchiori 

prepared OECTs using glass substrates and polyurethane materials. Dr Leclerc 

and Dr Purchez helped to define e-cigarette aerosol treatment conditions and made 

analysis of vapor deposition cinetic. Dr Sleiman leaded the analysis of e-cigarette 

vapor composition. M. P. Ferro defined the experimental setup and made 

cellZscope measurements. Data collection and analysis were made by both Dr 

Ramuz and M. P. Ferro. 

1.2.3. Collaborators for Chapter 4 

Collaborators: Dr Vincenzo F. Curto1, Federica Mariani2, Dr Erica Scavetta2, Dr 

Roisin M. Owens1,3 

1Mines Saint-Étienne Department of Bioelectronics 
2Universita di Bologna, Departimento di Chimica Industriale 
3Cambridge University Department of Chemical Engineering and Biotechnology 

Contributions: The project was initiated by both Dr Curto and Dr Owens. Dr 

Curto designed the microfluidic chip and the OECT platform as well as the 

experimental setup. F. Mariani developed the chemistry formula to improve 

adhesion of PEDOT:PSS film on top of the gold. M. P. Ferro optimized the 



&"

"

protocol for spheroid mono- and co-culture and made immunostaining and 

imaging of spheroids. Dr. Curto and M. P. Ferro worked together to make OECT 

measurements and M. P. Ferro made data analysis. All collaborators were 

involved in the editing of this chapter.  

1.2.4. Collaborators for Chapter 5 

Collaborators: Dr Vincenzo F. Curto1, Dr Rayan Nagao2, Dr Ying Zheng2, Dr 

Roisin M. Owens1,3 

1Mines Saint-Étienne Department of Bioelectronics 
2University of Washington Department of Bioengineering 
3Cambridge University Department of Chemical Engineering and Biotechnology 

Contributions: Dr Curto first initiated the project and learned the technique of 

microvessel design into the collagen matrix from Dr Nagao and Dr Zheng 

(previously published paper). Dr Curto also adapted this technique and the design 

of OECTs to match both of them in a single sensing platform. M.P.Ferro made 

microvessel construction, assembly on the OECTs and cell culture into the device 

for each samples presented in that section. She collected and analyzed the data as 

well as the immunostaining images. Figure construction and writing were 

completed by M. P. Ferro. 

1.2.5. Collaborators for Chapter 6 

Collaborators: Dr Sarah Heilshorn1, Dr Roisin M. Owens2
 

1Stanford University Department of Material Science & Engineering 
2Cambridge University Department of Chemical Engineering and Biotechnology 

Contributions: Dr Heilshorn proposed the subject of this review.  Dr Owens and 

Dr Heilshorn provided consultation on the selection of relevant topics and specific 

case studies for inclusion within this chapter. They also provided relevant 

suggestions on the design of the figures. The review and compilation of chosen 

topics, final selection of case studies, figure reconstruction, and writing were 

completed by M. P. Ferro.  
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Chapter 2: In vitro platforms to assess barrier tissue integrity 

Publication Status: This chapter has not been published or submitted for publication at the time 

of submission of this thesis. 

Collaborators: Information contained within this chapter was compiled and written 

independently. There are no collaborators for this chapter. 

2.1 Abstract 

Tight junction proteins regulate the diffusion of ions and solutes across a 

barrier tissue. The selectivity of diffusion mainly happens through the charge and 

the size of the solute or ion. We review main techniques to assess barrier tissue 

selectivity, including permeability assays and trans-epithelial -endothelial 

electrical resistance. These techniques are challenging to integrate within recent 

3D cell culture platforms. I highlight organic electrochemical transistors (OECTs) 

to characterize in vitro barrier tissues. The easy processing and chemical 

tunability of organic material makes OECTs particularly suitable for integration 

with 3D barrier tissue models. 

2.2 Introduction 

2.2.1 Barrier tissues: structure and role 

Most tissues and organs require a well-defined microenvironment to 

accomplish their function. Barrier tissues are made of juxtaposed endothelial or 

epithelial cells. They guarantee tissue homeostasis by regulating exchanges of 

solutes between two compartments. Epithelium/ endothelium cellular organization 

depends on physiological function of the tissue in question. Thus, barrier tissues 

that make the separation between the internal and the external environment are 

usually thick and stratified to protect the body from physical or chemical 

damages. However, a simple monolayer of cell line internal organs, can also allow 

rapid gas and nutrient exchanges between the external environment and the 

underlined blood vessels (Figure 2.1). Vascular and lymphatic systems are made 

of endothelial cell monolayers. Mural cells, including pericytes and smooth 
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muscular cells, wrap around the endothelial cells to increase blood pressure 

mechanical strain resistance. The morphology of endothelial cells that forms 

blood or lymphatic capillaries is function-dependent. Fenestrated endothelium is 

found in tissues that are involved in filtration and secretion, while continuous 

endothelium is associated with highly selective barrier1.  

 

Figure 2.1: Diversity of barrier tissues in the body. a) Illustration of barrier 

tissue diversity along the organism. On the left, epithelia showing cellular 

organization and shape diversity depending on the tissue function. On the right, 

endothelial cells that form blood vessels.  

The primary physiological role of barrier tissue is to regulate solute and ion 

exchanges between two compartments. The regulation of passive ion and solute 

diffusion mainly happens through lateral junction proteins that bridge the cells. 

Among these proteins, adherens junctions (AJs), which cadherins are core 

components, act as cell-cell adhesion complexes2. Tight junction (TJ) proteins are 

mainly composed of claudins and occludins that present an extracellular loop able 
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to interact with the loop from the neighboring cell to seal the intercellular gap3. 

The intracellular loop links with cell actomyosin cytoskeleton (actin filaments and 

microtubules) via adaptor proteins including zona occludens (ZO) (Figure 2.2). 

TJs and AJs are usually closely associated and reside at the apical end of the 

lateral membrane and are referred to as the ‘apical junctional complex’. 

 

Figure 2.2: Cell barrier junctional complexes. Representation of junctional 

complexes that bridge the cell with neighboring cell and surrounding ECM. It 

includes tight junction proteins that interact with the internal cellular cytoskeleton 

via cytosolic plaques 
3
. 

2.2.2 Barrier tissue disruption-related pathology 

Barrier tissues guarantee organ and tissue homeostasis. Hence, disruption of 

barrier tissues might be an integral part of many disease pathophysiologies. Loss 

of barrier properties might be the consequence of tissue destruction as well as TJ 

network disruption. The latter may be induced by pathogenic agents able to 

modify junctional protein synthesis, interaction, distribution and phosphorylation 

status.  

A couple of examples illustrate the relation between barrier tissue disruption 

and diseases pathology. E-cadherin expression was decreased in bronchial 
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epithelial cells from subjects with asthma crisis4. Abnormal TJ structure causes an 

increase in intestinal epithelium permeability and has been correlated to celiac 

disease, an immune-mediated disorder of the small intestine triggered by gluten 

intolerance5,6. This junctional complex was also found of major importance in 

both inflammatory bowel disease and irritable bowel syndrome7. Blood brain 

barrier disruption has been involved in several neurodegenerative disorders 

including Alzheimer’s disease, Parkinson’s disease, and multiple sclerosis.8  

2.2.3 Toward a complexification of in vitro barrier tissue models  

The first successful in vitro cell culture was led by Katherine Sanford & co-

workers in 1948. Cells were cultured in a petri-dish within an arbitrary formulated 

cell culture media. Since then, the influence of surrounding biochemical and 

physical signaling cues on cell and tissue functions has been largely demonstrated. 

Hence, the design of cell culture systems, which provide cell with a defined 

microenvironment increased drastically9. 

Transwell® inserts (referred to as ‘transwells’ in the rest of the chapter) are 

usually made of track etched polycarbonate (PC) or polyethylene terephthalate 

(PET) suspended membranes. They offer the possibility to culture cells on either 

side of the membrane while leaving free access to the manipulator in both 

compartments. Transwells have been thus a widely used system to model in vitro 

barrier tissues, in particular for toxicology assays and drug screening. Although 

this system offers many technical advantages, cells grow on a flat and stiff 

surface, which strongly limit cell-cell and cell-matrix interactions. Since 2010, the 

convergence of microfabrication techniques with tissue engineering paved the 

way for a new class of microphysiological systems10. They offered to synthesize 

minimal functional units that recapitulate key tissue functions within a device 

about the size of a computer memory stick. They are referred to as organ-on-a-

chip systems and are composed by two polydimethylsiloxane (PDMS) layers that 

define microfluidic channels. These micron-size chambers are continuously 

perfused and cells are seeded either on a horizontal porous membrane or along the 

wall of the tube11. From a technical point of view, organ-on-a-chip device offers 

an advantage to decrease required cell numbers and biological reagent quantity.  
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2.3 Barrier tissue in vitro characterization assay  

There are two main ways for a solute or an ion to cross a barrier tissue: 

across the cell (via transcellular route) or in between the cells (via paracellular 

route). The passive diffusion of solute and ions along the paracellular route is 

mainly regulated by TJ proteins that apply a selective diffusion based on molecule 

size and charge.   

2.3.1 Tight junctions regulate the paracellular diffusion 

Freeze fracture electron microscopy of epithelial tissues done in 1973 

revealed junction organization in fibril meshwork. At the interface between two or 

three adjacent cells, tight junction proteins allow the close proximity of 

neighboring cell membrane by an interlacing of protein extracellular loops. It 

results in an apparent hemifusion of lipid bilayers shown as ‘kissing’ points 

(Figure 2.3a). These points prevent the lateral diffusion of transmembrane 

proteins and participate to the establishment of an apico-basal polarization. 

Tetraspan proteins of the claudin family and MARVEL domain proteins including 

occludins represent main components of TJs. TJs provide physical tissue stability 

and participate to the selective property of barrier tissues.  

 Nowadays, we describe two junctional paracellular pathway routes 

depending on selection parameter: (1) size selective permeation pathway regulates 

the diffusion of larger solutes and macromolecules of 30-60 Å. (2) charge 

selective permeation pathway regulates the diffusion of ions and uncharged small 

molecules through pores of about 4-8 Å (Figure 2.3b). Evidence has led to the 

conclusion that pores are gated, however the underlying mechanism is still 

unknown. Claudins are an important determinant of the charge selective pathway. 

Depending on their isotypes, they support cation selectivity (claudin-2), anion 

selectivity (claudin-17) or sealing property (claudin-1).  

"
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Figure 2.3: Mechanism of diffusion regulated by tight junctions. a) 

Illustration of gate and fence functions of tight junctions. It regulates the lateral 

diffusion of lipids and proteins along the cell membrane. b) Illustration of 

macromolecular and ionic passive diffusion regulation by tight junctions. From 
3
 

Several assays have been developed in order to visualize TJ proteins and 

estimate paracellular selectivity. Western blotting and confocal microscopy are 

two powerful complementary techniques that can allow the visualization and 

quantification of TJ proteins, in particular claudins and occludin. In the case of 

confocal microscopy, these proteins are coupled to fluorescent labels, which 

emission intensity provides a quantitative measure of the junctional network 

development. However, due to the highly-time consuming of this method, it is not 

scalable to high throughput  

2.3.2 Assessing size selective pathway 

The size selective pathways can be visualized by mixing chomophore, 

fluorophore, or radioisotope labeled tracers on one side of the barrier tissue to 

create a gradient of concentration. By measuring the time required for the tracer to 

diffuse through the barrier and reach the other compartment, we can evaluate their 

passive diffusion rate. Lucifer yellow or Fluorescein isothiocyanate (FITC) 

coupled dextran or albumin are among the most used macromolecule markers of 

paracellular permeability and offer a range of molecular size from 3 to 70 kDa.  
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Permeability assays are quite easy to operate in transwell cell culture 

configuration as the water-soluble tracer diffuse homogeneously in each 

compartment. The manipulator, who has easy access to both sides of the cell 

barrier, collects samples at determined time points and analyse the intensity of 

fluorescence overtime (Figure 2.4a, left). However, it necessities another strategy 

leading permeability assay on 3D barrier tissues when surrounded by viscoelastic 

hydrogel. Indeed, gel viscosity slow down the diffusion of the dye. Recently, a 

method based on confocal microscopy analysis has been developed to evaluate 

permeability of vascular organ-on-chip system. Then, region of interests (ROIs) 

have been defined around the tubular structure lined by endothelial cells and a 

conversion from green fluorescence to color map using image analysis software 

for determining the variation of intensity of FITC-dextran’s fluorescence in the 

collagen gel surrounding the capillary (Figure 2.4a, right). 12 This technique 

provides a rapid and cost-effective means of assessing size selective diffusion 

through barrier tissues over a wide range of molecular size without the need of 

additional equipment. However, this technique gives an integral permeability 

measurement and do not allow for new molecules to determine if the diffusion 

happens through the paracellular or the transcellular route. Progress in 

lithographic techniques on silicon substrates overcomes these limitations by 

designing micro-cuvette-like structure on the top of a silicon chip on which cells 

can be cultivated. The density of a micro-cuvette is high enough to underline most 

of the cellular membrane and intercellular space. After the dye crosses the cell 

barrier it fills the pores underneath the cell. This technique improves spatial 

resolution of macromolecular selective diffusion assay (Figure 2.4b).13 As 

another alternative, FITC-conjugated avidin dispersed in the culture media 

interact with biotin bound to viscoelastic hydrogels through a high-affinity 

interaction. The technique allows improvement in assay spatial resolution while 

offering the possibility to use cell culture substrates with improved mechanical 

properties such as collagen or gelatin (Figure 2.4c).14 
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Figure 2.4: Permeability assays to assess size selective diffusion. a) Using 

Transwell inserts, the tracer is added on one side of the cell barrier and samples 

are collected from the opposite side at defined time points to investigate tracer 

diffusion rate (on the left). Similarly, for organ-on-chip systems, the tracer is 

added into the tubular structure and let to diffuse through the barrier into the 

surrounding material such as collagen gel. Diffusion rate is determined using 

image analysis and color map transformation (on the right). b) Improvement of 

the spatial resolution in permeability assay can be reach through the design of 

micro-cuvette onto silicon substrate or c) biotin-avidin interactions. 

Permeability assays are time-consuming and the lack of automatization 

makes this technique irrelevant for high-throughput screening. Moreover, the use 

of tracers can interfere with the transport process under study but also barrier 

integrity, making tested cells unusable for further experiments.  

2.3.3 Assessing charge selective pathway 

Contrary to permeability assays, techniques to assess charge selective 

diffusion are usually rapid, label free, and largely easy to automate. These 

techniques require two metal electrodes that are placed on either sides of the 

barrier tissue. A direct current (DC) or an alternative current (AC) voltage signal 

is applied to the electrodes, which forces the ionic current to flow across the cell 

barrier. The corresponding inter-electrode resistance value is calculated as the 

ratio between the voltage and the resulting current. Due to the high resistance of 
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cell membranes, and the small conductance of ions through the cell membrane, 

the current predominantly flows through a paracellular route, making the 

resistance of the tissue approximately equal to the resistance of the TJs. The trans-

epithelial/endothelial electrical resistance (TEER) is thus defined by multiplying 

the inter-electrode resistance by the barrier tissue area.  

Electric cell-substrate impedance spectrum (ECIS) has been first used in 

1984 to monitor fibroblast shape and behavior. In that system, cells are cultured 

directly on top of metal electrodes and an AC voltage signal is applied. The 

presence of cells induces a capacitive effect between the conductive cell media 

and the electrode. It allows a quantifiable cell spread and number.15 The AC 

voltage is usually applied over a range frequency going from 1Hz to 1MHz. 16 It 

allows the measurement of both cell capacitance and resistance. The design of an 

electrical equivalent circuit shows the ion flow pathways across a barrier tissue 

(Figure 2.5a). At low frequency range (kHz) most of the ion flows through the 

paracellular route. The resistance of ion flow along the basal membrane (Rseal) 

may be very high due to the presence of cell-matrix anchor proteins.17 ECIS has 

been rapidly adapted for the quantification of cell barrier paracellular ionic 

transport exploring the resistive impact of TJ selective permeation pathway.18 

Several commercial systems based on multi-electrode array have been developed 

including ECIS (Applied BioPhysics, Troy NY) and xCELLigence (RTCA 

Systems-ACEA Biosciences Inc.) modules. They are widely used during high 

throughput screening assays.  

The possibility to carry out both permeability assays and TEER 

measurement in parallel might give valuable insights about barrier tissue 

functions. Recently, the design of cell culture substrate that contains microgrooves 

have been integrated with a blood-retinal barrier organ-on-a-chip system.19 The 

microgroove surface was coated with gold to perform ECIS measurements while 

permeability assays were performed following the same protocol as previously 

described (Figure 2.4c). 

Spheroids are valuable models for high throughput screening assays. 

However, spheroid impedance sensing is very challenging as the cells do not 

adhere to the electrodes anymore. Several platforms have been designed including 

microfluidic channels 20 and microcavity trap21 in order to maintain the spheroid 
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in between gold electrodes (Figure 2.5b). In the latter microelectrodes are 

designed on the four sides of the cavity and monitor two independent bipolar EIS 

measurements using a frequency range of 133 kHz. However, spheroid placement 

between the electrodes may induce resistance variation that are difficult to 

extract.21 To overcome this issue, a new platform composed by a central channel 

confined by retaining pillars has been designed. Coplanar EIS electrodes are 

placed in the center of the channel and the full device is placed on a tilting stage. 

The spheroid is placed within the channel and is allowed to roll by gravity back 

and forth on top of the electrode. Impedance measurements are thus recorded in a 

dynamic way.22 

 

Figure 2.5: Electrical platforms to assess charge selective diffusion. ECIS 

platform for barrier tissue impedance sensing. Cells are cultured on top of planar 

metal electrodes (a) or in a spheroid configuration (b). c) TEER platforms 

developed for transwell insert (left and middle) and organ-on-a-chip system 

(right). Illustrations show the ion flow (black arrow) and the related equivalent 

circuit. 

Cell impedance sensing is also widely performed on transwells. In this 

configuration, metal electrodes are placed in the upper and lower compartments 

(Figure 2.5c). Commercial modules to perform TEER measurements in transwells 

include the Epithelial Voltohmmeter (EVOM2, World Precision Instruments, 

Sarasota, FL) and the cellZscope (nanoAnalytics GmbH, Germany). The EVOM2, 

also referred as ‘chopstick’, applies a low AC voltage squared signal (~10 µA) 

with a signal frequency of 12.5 Hz. The TEER is calculated following the Ohm’s 

law. The assumption of non-conducting cells is valid, because at low frequency 
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AC, capacitive impedance offered by the lipid bilayer is significantly higher than 

the junctional resistance, channeling the electric current through the ‘path of least 

resistance’
23. The cellZscope module provides an impedance spectroscopy 

measurement to give a more accurate representation of TEER. Amplitude and 

phase of the resulting current is analyzed over a range of frequency from 1Hz to 

1MHz and the cell layer impedance is calculated as Z = V(t)/I(t). The impedance 

spectrum shows three distinct frequency regions that are dominated by specific 

equivalent circuit elements.24  

The micrometer-size of organ-on-a-chip chambers rends difficult barrier 

tissues access. Thus integrating rigid metal electrodes into the system turns out to 

be challenging. Electrode wires are slipped into the tubular chamber, however 

there are risks of cell damage and device contamination. To overcome this 

limitation, micropatterned electrodes may be embedded into PDMS layers (Figure 

5c, right). 

2.4 Conclusion and opportunities 

2.4.1 A need for TEER measurement standardization  

Brain microcapillary ionic resistance was measured in vivo for the first time 

in 1982 and serves today as a strong reference in the field of blood brain barrier. 

Two set of electrodes were placed within the capillary. The ion permeability was 

supposed to be constant along the structure and the loss of potential was expressed 

as a function of capillary length, thus TEER was reported in Ω.cm
2. To compare 

in vitro TEER value with in vivo recordings, commercial systems were used to 

divide the calculated resistance by the cell layer surface, although this method is 

only valid if the current flow is uniform across the barrier. Non-uniform current 

density is one of the main reasons for erratic TEER values in customized 

microfluidic systems. The tissue segment closes to the electrodes may participate 

more to the ion flow than the rest of the structure, which results in an 

overestimation of the effective area and thus of the TEER value.  

Additional factors including media conductivity, electrode size and distance 

from the cell layer induce artifactual differences in measured barrier tissue 

resistance. If the cell barrier can easily be moved in and out from the electrodes 



$#"

"

the contribution of these variables is reduced by subtracting a blank resistance. 

However, this method is prone to error for organ-on-a-chip systems as electrode 

placement and media conductivity may vary between the blank system and the 

tissue-containing system.25 Four electrodes were used (two electrodes placed on 

each side of the cell barrier) in a microfluidic device to generate six resistance 

measurements and calculate a TEER value independent of channel properties. 26,27 

Mathematical models are able to describe customized systems using the finite 

element analysis method and separate raw resistance coming from the system 

itself and from a biological event.28,29 

Nowadays, there is still a missing practical and standardized approach to 

integrate electronic devices into the newly developed microphysiological 

systems.19,30,31 One way to overcome this issue has been to match the shape of the 

in vitro system with conventional transwell membrane and use commercial 

systems to measure TEER value.32 Although this method makes easier the 

comparison with published data, it obviously limits the design of the microsystem. 

2.4.2 Using bioelectronic devices to characterize in vitro barrier 

tissues 

Bioelectronic materials couple signals from electronic devices and 

biological systems. They might transduce biological event into electronic 

recordings and generate biological response through electronic stimulation. The 

field of bioelectronics date from the work of Luigi Galvani (18th century) who 

made a detached frog legs twitch by applying a small voltage to the muscle. 

Today, bioelectronic devices principally extend to the medical field. Biosensors 

have been developed to improve healthcare, including glucose sensor for diabetics 

and pacemaker to support heart failure. Ultrathin implantable electrodes have been 

developed for brain electrical recording in accordance with the EU Flagship 

Initiative “Human Brain Project” and the US equivalent “Brain Activity Map”.  

Both projects started in 2013 with the aim to increase comprehension in brain 

activity and neurological diseases.33 

The organic electrochemical transistor (OECT) is widely used to record 

ionic-based biological events. Developed by Wrighton and co-workers in the mid-
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1980s, the OECT is composed by an organic semiconductor film that makes a 

channel between two metal electrodes called the source and the drain. A third 

electrode, the gate, is connected to the channel through an electrolyte (Figure 

2.6). The working principle of an OECT relies on an oriented flow of holes or 

electrons through the channel and the injection of ions into the channel to change 

the conductivity of the organic film. A typical material for the OECT is the 

conducting polymer poly(3,4 ethylenedioxythiophene) doped with poly(styrene 

sulfonate) (PEDOT:PSS). PEDOT is a p-type doped polymer, which lead to the 

creation of mobile holes able to hop from one PEDOT chain to another. When a 

negative drain voltage is applied, these holes are compensated by sulfonate anions 

of PSS and a drain current flow through the channel. It defines the ON state of the 

transistor. The OECT works in depletion mode, which means the application of a 

positive gate voltage lead to the injection of positive ions from the electrolyte into 

the conductive polymer bulk. These cations compensate PSS anions, which 

decreases the number of holes available in the channel and induces a drop in the 

drain current. It leads to the OFF state of the transistor. Contrary to metal 

electrodes, change in channel conductivity happens through the all volume of the 

film and not only at the interface with the electrolyte. Thanks to this volumetric 

response, the OECT transduces small gate voltage signals into large drain current 

variations. OECT transduction efficiency is illustrated by the transconductance 

(gm=∂ID/∂VG), which is very high for the OECTs and an important figure of merit 

for transistors.34  

 

Figure 2.6: Typical organic electrochemical transistor structure. The 

illustration shows the typical structure of the organic electrochemical transistor 

(OECT). It shows the source (S), drain (D) and gate (G) electrodes immersed into 

an electrolyte. d corresponds to the channel thickness. A drain voltage (VD) and 
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gate voltage (VG) are applied to the system and the resulting drain current (ID) is 

measured. From 
34

. 

Bernards and Malliaras first investigated the use of OECT technology to 

characterize lipid bilayer. The bilayer lipid membrane (BLM) was placed in 

between the gate and the transistor channel. As lipid membrane act as ionic 

capacitors, the presence of an intact BLM fully suppress the gating of the OECT 

while the presence of ion channels partially restore it.35 This experiment paved the 

way for the use of OECTs to characterize in vitro barrier tissues.  

OECT has thus been integrated into transwell models for cell impedance 

sensing. In that configuration, the transistor channel is patterned at the bottom of 

the lower compartment, while the gate electrode is immersed into the upper 

compartment (Figure 2.7a). 36–38 Thus barrier tissue ionic selectivity impact 

OECT gating efficiency as fewer ions are allowed to penetrate the channel. 

Toxicology assay were successfully performed as barrier disruption restore the 

progressively the gating. In contrast to the transwell model, a planar model may 

also be envisaged. Cell culture on top of the channel transistor allows to 

differentiate simple cell coverage from cell barrier formation.39,40 OECTs are 

easily represented by an RC circuit, which describe the electrolyte resistance and 

capacitance of both gate/electrolyte interface and PEDOT:PSS channel. The 

integration of an OECT with a barrier tissue, leads to an additional parallel RC 

circuit in series with the previous one, which corresponds to the resistance and 

capacitance of the cell layer (Figure 2.7b). Contrary to metal electrodes, 

PEDOT:PSS films are optically transparent, which allow cell layer visualization 

during impedance sensing. This optical property allowed to correlate electrical 

signals with visual information during a wound healing assay41.  
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Figure 2.7: OECT devices integrated with 2D barrier tissues. a)  Illustration of an 

OECT integrated with transwell model (left) or within cell culture substrate (right). b) 

Electrical equivalent circuit showing resistance and capacitance of the cell layer (RCell 

and CCell) grown on top of the transistor channel. RMedia corresponds to the resistance 

of the media and COECT to the OECT capacitance. Cleft resistance (RCleft) describes the 

presence of cell adhesion molecules that regulate ion flow in parallel of the channel. 
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3.1 Abstract 

E-cigarette has been suggested as a potentially healthier alternative to 

cigarettes based on studies using cell viability, DNA damage and transcriptional 

response assays. However, little is known about the effect of e-cigarette aerosols 

on the integrity of tracheal epithelium, specifically with respect to barrier 

resistance. This is partly due to the lack of methods for monitoring epithelia at the 

air-liquid interface (ALI), i.e. under physiological conditions. Here, we show that 

an organic electrochemical transistor (OECT) can be adapted for the measurement 

of barrier resistance at the ALI. This technology enables accurate, continuous 

quantification of tracheal barrier integrity through the use of a conformable gate 

electrode placed on top of the cell-secreted mucus, obviating the need for addition 

of culture medium or buffer as a conductance medium for rigid electrodes. This 

platform allowed the detection of a dose-dependent, rapid decrease in barrier 

resistance of an in vitro model of human bronchial epithelium (MucilAirTM) after 

E-cigarette aerosols exposure. The system represents a powerful tool to study 

tissue responses of the human airway epithelium to inhaled smoke. The same 

technology will have broad applications for toxicology studies on other tissues 

with ALI, including other airway tissues and skin. 

3.2 Introduction 
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Increases in tracheal epithelial barrier permeability constitute a well-known 

consequence of mucosal inflammation, and can be caused by several 

environmental exposures including air pollution components, respiratory viruses 

or bacteria, some chemicals, and cigarette smoke.
1
 The introduction of REACH 

(Registration, Evaluation, Authorization and restriction of CHemicals) regulation, 

requiring toxicological profiling of all chemical substances imported into Europe, 

has further stimulated the development of physiologically representative in vitro 

cell models suitable for aerosol toxicity analysis.
2
 The respiratory tract is lined by 

the airway epithelium, forming the interface between the internal milieu and the 

external environment. It represents the first physical barrier to prevent the 

entrance of harmful inhaled compounds or particles into the body and is thus an 

integral part of in vitro models used to study aerosol toxicity. This 

pseudostratified epithelium is formed by three categories of epithelial cells 

(shown in Figure 3.1a, left): goblet cells, that secrete an apical sticky viscoelastic 

mucus able to retain most of the potentially harmful inhaled particles, ciliated 

cells lined with hundreds of apical cilia, which orient the mucus clearance from 

the lung to the throat, and basal cells strongly anchored to the basal membrane by 

hemidesmosomes and tightly attached to the other two cell types by desmosomes. 

The latter provides mechanical stability to the tissue.
3
 Apical junctional 

complexes localized between neighboring cells are essential for the barrier 

properties of the airway epithelia. They are composed of apically-located tight 

junctions (TJs), responsible for regulating paracellular transport of ions and 

molecules, along with underlying adherens junctions, important for initiation and 

maintenance of cell-cell adhesion.
4
 A common feature of airway epithelium 

models is the development of an air-liquid interface (ALI) cell culture system to 

reproduce the physiological cells microenvironment.
5
 Resulting physical and 

biochemical cues stimulate the secretion by goblet cells of a uniform mucus layer, 

which protects the underlining mucosa. ALI models usually exhibit highly 

polarized and pseudostratified epithelium with higher transepithelial electrical 

resistance (TEER) values and lower permeability compared to submerged cell 

culture systems.
6
 Transwell inserts are commonly used as a support for ALI cell 

culture systems as they are cheap, easy to handle and allow access to both the 

basal and apical sides of the cell layer (Figure 3.1a, right).
7–9

 A variety of 

available characterization techniques such as imaging, permeability and 
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Live/Dead assays are usually used to characterize ALI models in vitro. TEER 

measurement is a powerful and non-invasive technique to rapidly quantify barrier 

tissue integrity, traditionally performed using commercially available systems like 

Epithelial Voltohmmeter (EVOM; World Precision Instruments, Sarasota, FL) 

and cellZscope (nanoAnalytics GmbH, Germany).
10

 In these instruments, 

Transwell inserts are placed in between two electrodes submerged into a 

conducting electrolyte (usually cell culture media) (Figure 3.1b, right). Electrodes 

are connected by an alternative current (AC) forcing the electrical flow to go 

through the epithelium. By recording the resulting current, the impedance 

spectrum is analyzed through an equivalent electrical circuit in which the barrier 

tissue is represented as a resistor (Rcell) and a capacitor (Ccell) in parallel (Figure 

3.1b, left). These platforms are suitable for most submerged barrier tissue models 

but their use is severely limited in the case of ALI configurations, as they require 

the addition of cell culture media in the apical compartment for each 

measurement. Such “washing steps” may result in mucus dilution and artefactual 

experimental conditions. Previous studies pointed out the key role of mucus in 

protecting the underlying mucosa from harmful components and its absence may 

cause short-term damages.
6
 In the case of aerosol toxicity assays, the interaction 

of the added liquid with deposited particles may change particle properties and/or 

concentration, compromising reproducibility.
5
 As a consequence, performing 

TEER measurements of airway epithelium in ALI model using current 

technologies is problematic. To tackle this, we show here the development of an 

innovative platform to monitor barrier tissue resistance under physiological 

conditions, at the ALI. We combine the use of the Organic Electrochemical 

Transistor (OECT) with a novel conformal flexible gate (fg) electrode in a new fg-

OECT system capable of conduction through the mucus layer, and thus avoiding 

addition of media to perform the measurements. Previous work by our group has 

demonstrated high temporal and spatial resolution monitoring of submerged 

barrier tissue resistance using OECT technology.
11,12

 We show here the unique 

ability of the fg-OECT to monitor tracheal epithelium resistance at the ALI, 

specifically for assessing aerosol toxicity analysis (i.e. the toxicity of airborne 

particles in solid or liquid form suspended in a gaseous phase). We demonstrate 

the working principle of this new platform and illustrate how this approach can 

yield pertinent continuous electrical monitoring of the negative effects of e-



%'#

#

cigarette aerosols on an ALI model of human bronchial epithelium. These 

measurements are the first of their kind, thanks to the technology integration 

described herein. 

#

Figure 3.1: Electrical Resistance Monitoring Platform for ALI Airway 

Epithelium Model. a) Air-liquid interface (ALI) cell culture configuration using 
Transwell inserts (right) allows tracheal cells to differentiate into a 
pseudostratified epithelium and to secrete a uniform mucus layer (left). b) 
Integration of an ALI airway epithelium model with the cellZscope module for 
electrical resistance measurement (left) and the corresponding equivalent 
electrical circuit (right) describing current flow between the top and the bottom 
electrodes. TEER and Ccell refer respectively to the transepithelial electrical 
resistance and the capacitance of the epithelium, Rmed refers to the resistance of 
the media and CE refers to the capacitance of the measurement electrodes. c) 
Integration of an ALI airway epithelium model into the fg-OECT platform for ALI 
resistance sensing. The flexible gate (fg) electrode is made of a polyurethane 
membrane coated with gold and PEDOT:PSS, which conforms to the cell-secreted 
mucus. d) fg-OECT equivalent circuit describing ionic transport between the gate 
electrode and the transistor channel. VG refers to the voltage at the gate, Rcell 
and Ccell refer respectively to the airway epithelium resistance and capacitance, 
Rmed and Rmucus refer respectively to the resistance of the media and the mucus, 
Ccp refers to the capacitance between the conducting polymer and the electrolyte 
layer. 

3.3 Results 
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The integration of an ALI model of human bronchial epithelium into the fg-

OECT platform (Figure 3.1c) consists of the following components: a channel 

made of the conducting polymer PEDOT:PSS spincoated in between two gold 

electrodes, source and drain, on a glass substrate, and a soft conformable gate 

electrode made of a polyurethane sheet coated with gold. Polyurethane 

membranes exhibit stretchable properties and biocompatibility making them good 

candidates to interact with biological tissue.
13

 In our platform, the gate is placed 

directly in contact with the cell-secreted mucus. This new configuration explores 

the use of mucus as an electrolyte, obviating the need for addition of culture 

medium required by rigid electrodes. For polarizable electrodes, like gold, a 

double-layer capacitance is formed at the gate-electrolyte interface. To maintain 

efficient gating, the surface area of the gate needs to be at least ten times higher 

than the channel surface to allow efficient de-doping of the channel.
14

 To avoid 

having a very large gate, we increased the capacitance of the gate by drop casting 

PEDOT:PSS on top of the gold, inducing a volumetric capacitance while 

maintaining its biocompatibility and mechanical properties.
15

 For the fg-OECT 

platform the airway epithelium is represented by a resistor (Rcell) and capacitor 

(Ccell) in parallel (Figure 3.1d), with an ALI airway epithelium on a Transwell 

integrated with a flexible gate (Figure 3.1e). The OECT is a well characterized 

volumetric ion to electron convertor.
16

 and has already proven its value for 

monitoring barrier tissue integrity of a number of different epithelial types 

including intestinal epithelium
11

 and lung tissue.
17,18

 In this OECT, the channel 

and the gate electrode are connected through the presence of an electrolyte. Upon 

application of a positive gate voltage (VG), ions from the electrolyte are pushed 

into the channel, decreasing the number of charge carriers in the polymer, 

resulting in a drop in the drain current (ID). By placing a cell barrier between the 

gate and the channel, the tissue regulates ion diffusion through the tissue, 

decreasing the number of ions able to reach the channel, slowing down the drop in 

ID. The ability of the channel to reach a steady state following a gate bias pulse is 

directly dependent on the resistance of the tissue placed between. The higher the 

resistance of the epithelium, the slower the drain current reaches steady state. To 

illustrate the working principle of our platform with an in vitro model of human 

tracheal tissue we used commercially available, well characterized MucilAir
TM

 

epithelium from several donors (MD051002, MD068501, MD072001). Measuring 
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the temporal response of the drain current of the fg-OECT to a 2s 0.2V pulse 

applied at the gate with and without MucilAir
TM 

epithelium (Figure 3.2a) we 

observed that the time constant of the OECT (extracted from a fit to an 

exponential growth of the temporal response)
19

 changes from 0.0338± 0.0005s (in 

the absence of epithelium) to 0.228± 0.017s (in the presence of epithelium). By 

comparing the variation of the time constant in parallel with the TEER value 

obtained using a cellZscope module (after addition of media), for four healthy 

MucilAir
TM

 epithelia (MD051002), we noted good correlation between the two 

techniques (Figure 3.2b). This also illustrates the variability in barrier tissue 

integrity from insert to insert, and the importance of dynamic, continuous 

monitoring to establish baseline and subsequent toxicological profiles.  

#

Figure 3.2: Fg-OECT device for continuous airway epithelium resistance 

monitoring. a) Temporal response of the drain current of the fg-OECT to a 0.2V 
pulse applied at the gate during 2s after integration of a Transwell filter with 
(dashed line) or without (solid line) MucilAirTM epithelium. b) TEER (solid black 
squares-left axis) obtained using a cellZscope module and time constant (empty 
squares-right axis) obtained using the fg-OECT device, of 4 different MucilAirTM 
epithelium coming from the same donor (n=3 measurements). The time constant is 
extracted from a fit to an exponential growth of the fg-OECT temporal response. 
Error bars represent the standard deviation from the mean. c) Normalized time 
response of the fg-OECT with a MucilAirTM epithelium without any aerosol 
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deposition. The response is recorded every 2 min using a gate pulse of 0.2V for 2 
sec. The present curve is used as a reference showing NR=1 corresponds to intact 
physical barrier properties. d) Photograph of the fg-OECT platform and 
VITROCELL® Cloud6 module for aerosol exposure.  

The use of e-cigarettes is rapidly increasing but the effects on lung health 

are still largely unknown. Recent studies have shown pro-inflammatory responses 

in airway epithelium promoted by e-cigarette aerosols through a similar pathway 

known for cigarette smoke.
20,21

 Cigarette smoke exposure has been proven to 

disrupt ALI epithelial barrier model integrity through a biphasic dose-dependent 

response over a couple of hours.
22,23

 To demonstrate the application of the fg-

OECT device as a sensor for ALI barrier tissue integrity, we evaluated the impact 

of short-term exposure of e-cigarette aerosols on airway epithelium barrier 

integrity using MucilAir
TM

 epithelial tissues. Taking advantage of the 

compatibility of our fg-OECT with measurements at the ALI, we performed 

continuous monitoring of the barrier resistance following aerosol exposure. To 

enable the fg-OECT to continuously monitor without damaging the barrier 

integrity over time, we integrated a MucilAir
TM

 epithelium into the platform and 

recorded the fg-OECT response time. The response time increases slightly over a 

period of 3.5 hours but then stabilized (Figure 3.2c). 

Although it is clear that the fg-OECT brings clear benefits in avoiding 

dilution of the apical surface of cells through addition of media, standard 

evaluations of tissues at the ALI include analysis of ciliary beat frequency (CBF) 

as a further functional analysis of barrier tissue integrity. It has been reported that 

the submersion of airway epithelium in medium increases the variance of CBF 

compared to cells maintained at the ALI.
24

 To evaluate the mechanical impact of 

the gate deposition on top of the bronchial epithelium, we conducted an analysis 

of (CBF) in MucilAir
TM

 epithelium with and without the fg-OECT. We measured 

CBF by extracting pixel intensities and applying Fourier transformation to bright 

field video recordings of the ciliated surface before and after being in contact with 

the gate for 10 and 200 min (ciliaFA software).
25

 This analysis revealed that the 

fg-OECT induced a 3 fold increase in the variance of CBF compared to the cells 

maintained at the ALI (Figure S3.1). This variance is comparable to that induced 

by the addition of liquid on the apical side of the tissue
24

.  
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Figure S3.1: Fg-OECT-induced ciliary beating frequency variance. Fold 
change in variance of ciliary beating frequency (CBF) of a MucilAirTM 
epithelium before (ALI) and after (fg-OECT) integration into the fg-OECT device 
during 10 min or 200 min. MucilAirTM epithelium came from a single donor 
(MD072001). 

To mimic exposure of the human airway epithelium to e-cigarette aerosols, 

we used a VITROCELL® Cloud6 module (VITROCELL Systems GmbH, 

Germany) composed of a heated base to maintain the environment at 37°C and a 

plastic bell allowing dose-controlled and spatially uniform deposition of e-

aerosols on the Transwell (Figure 3.2d) Aerosols were collected directly from the 

e-cigarette mouthpiece using a plastic syringe and dispersed into the module 

through an apical aperture on the bell. We exposed MucilAir
TM 

epithelium to e-

cigarette aerosols using a ROYKIN brand e-liquid containing 11 mg/mL nicotine 

and an intense but clinically relevant vaping regimen (Table S3.2). The 

introduction of aerosols to the tissue was confirmed using a quartz crystal 

microbalance (QCM) and revealed that each series of 5 puffs deposits 66.83±2.07 

µg/cm
2 

(Figure S3.3).  

Table S3.2: Comparison of vaping parameters used in vitro versus 

human behavior.  

Parameter Human Behaviour In Vitro 

Number of puffs per minute 2-4 2.5 

Puff volume 50 mL 50 mL 

Puff duration 2-8 s 4 s 

Interpuff interval 18-30 s 26 s 
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Figure S3.3: Kinetics of e-cigarette aerosol deposition. Evaluation of 
aerosol deposition on MucilAirTM epithelium placed into a VITROCELL® Cloud 
6 module using a quartz crystal microbalance system (n=4). 5 puffs of e-cigarette 
were generated and dispersed into the module during the first 2 min. Data shows 
mean values and error bars, which represent the standard deviation from the 
mean. 

The composition of volatile organic compounds (VOCs) in the e-cigarette 

aerosol was also characterized. This analysis showed the presence of high levels 

of propylene glycol (876 μg), vegetable glycerin (135 μg) and lower level of 

nicotine (6.7 μg) inside the VITROCELL® (Table S3.4a). Several carbonyls, 

including known cytotoxic aldehydes such as formaldehyde (8.9±3.4 μg) and 

acrolein (45±18 μg), were detected.
26

 These aldehydes are likely generated by 

thermal decomposition of e-liquid solvents (e.g. propylene glycol and vegetable 

glycerin). Additional analyses of e-cigarette aerosol directly collected from the 

iStick allowed quantification of each compound per puff, revealing the presence 

of additional carbonyls (propanal and 2-butanone) as well as suggesting a 

potential loss of some lower volatile compounds (nicotine, propylene glycol and 

vegetable glycerin) likely by deposition and adsorption into the VITROCELL® 

surfaces (Table S3.4b). 

Table S3.4: E-cigarette aerosols composition. a) Levels of volatile 
carbonyls collected inside the VITROCELL® after the generation of 120 µg/cm2 
aerosols using an iStick e-cigarette (ROYKIN liquid with nicotine at 11mg/mL) 
under the vaping regimen. b) Emission levels of carbonyls collected by directly 
introducing e-cigarette aerosol emitted by the iStick (ROYKIN brand e-liquid 
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containing 11 mg/mL nicotine) into VOC sorbent tubes and DNPH cartridges, 
followed by chromatographic analysis. a For nicotine, propylene glycol and 
vegetable glycerin, levels were calculated based on only one measurement due to 
a technical problem (detector saturation) whereas duplicate measurements were 
made for the other compounds. 

a 

Compound Amount (µg) 

Propylene glycol 876 ± 325 

Vegetable glycerin 135 ± 78 

Nicotine 6.7 ± 3.0 

Formaldehyde 8.86 ± 3.37 

Acetaldehyde 105.57 ± 46.13 

Acetone 18.06 ± 4.57 

Acrolein 45.04 ± 17.62 

b 

Compound Concentration (µg/puff) 

Propylene glycol 1938a 

Vegetable glycerin 410a 

Nicotine 60.5a 

Formaldehyde 5.7 ± 0.00 

Acetaldehyde 3.4 ± 0.03 

Acetone 2.0 ± 0.00 

Acrolein 1.2 ± 0.01 

Propanal 8.7 ± 0.02 

2-butanone 5.3 ± 0.03 

 

To evaluate the impact of e-cigarette aerosols on MucilAir
TM

 epithelium 

barrier integrity, we first measured the TEER using the cellZscope. As described 

above, this platform necessitates the addition of media on the apical side of the 
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filter for each measurement point to submerge the upper electrode. To avoid 

dilution of the aerosols by adding and removing the media several times, TEER 

was measured only twice during the experiment: before and after aerosol 

exposition (Figure 3.3a). The TEER value of the filter alone without cells 

(Reference) was 7.85±0.51 Ω.cm
2 

while the MucilAir
TM

 epithelium exhibited a 

resistance of 427.66±19.55 Ω.cm
2
 in line with previous reports (Figure 3.3b).

27
 

We exposed the epithelia to a range of concentrations of aerosol: 133.66 µg/cm
2
 

(10 puffs), 267.32 µg/cm
2
 (20 puffs) and 400.98 µg/cm

2
 (30 puffs) of aerosols, 

revealing a dose-dependent impact of e-cigarette aerosols on MucilAir
TM

 

epithelium (MD068501) (Figure 3b). The exposure to 267.32 µg/cm
2 

did not 

induce
 
a significant change in TEER while 133.66 µg/cm

2
 resulted in a slight 

increase in the TEER value to 525.33±23.02 Ω.cm
2
. Significant cytotoxicity was 

observed with 400.98 µg/cm
2
, which induced a large drop in TEER value 

(85.3±1.1 %) with a final TEER value of 62.66±4.72 Ω.cm
2
. Short-term 

cytotoxicity effect of e-cigarette aerosols on human airway epithelium model have 

already been shown, however, we are still missing continuous recording of barrier 

integrity overtime as up until now it has implied submerging the tissue and thus 

loss of the ALI.
21

 This issue could be overcome by using the fg-OECT enabling 

continuous electrical measurement at the ALI. To more comprehensively validate 

our technology against commercially available systems, we decided to focus the 

experiment on two aerosol concentrations 334.15 µg/cm
2
 (25 puffs) and 400.98 

µg/cm
2 

(30 puffs), expected based on cellZscope data, to disrupt barrier integrity 

within the first hours following exposure. An evaluation of the aerosol deposition 

kinetics has shown that 90% of the maximum mass of aerosols is deposited after 

only 6 min of incubation time (Figure S4). To ensure that we reached 99% of the 

deposited mass of aerosols before covering the epithelium with the gate, we 

designed our experiment by incubating the MucilAir
TM

 epithelium inside the 

VITROCELL® module, depositing the aerosol and then incubating for 15 min 

after the last puff was delivered before commencing measurement using the fg-

OECT. We then performed continuous monitoring for a total of ~4 hours (Figure 

3.3c). The normalized response of the fg-OECT in both conditions reveals a non-

monotonic tissue response, ultimately leading to the complete loss of epithelial 

barrier properties (Figure 3.3d). The barrier disruption occurs within the first 3.5 

hours following aerosol exposure and the cellular response is comparable for both 
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conditions, however the duration of each phase is dose-dependent. After exposure 

to 334.15 µg/cm
2 

of aerosol the response time decreases rapidly, but a recovery 

phase occurs at ~ 50 minutes, followed by a second decrease phase occurring just 

before 150 minutes. Interestingly, after exposure to 400.98 µg/cm
2 

of aerosol, we 

observed an increase in the device response of 121.5 ±9 % of the initial value, 

followed by a short recovery peaking ~100 minutes, followed by a sharp decrease. 

The reason for the recovery phase is unclear, however given the variety of 

compounds present in the aerosol (Table S5.1, Table S5.2) it is highly probable 

that a compound is present that exerts a stimulatory effect on the barrier 

properties, which is subsequently overcome by other compounds that are present 

in higher concentrations exerting toxic effects. An increase was also observed 

with the cellZscope for 133.66 µg/cm
2
 aerosol addition (after 4 hours) suggesting 

that lower doses, or short exposure may stimulate initial increases in barrier 

tightness. The non-monotonic behavior was confirmed for two additional donors 

in response to 334.15 µg/cm
2 

and 400.98 µg/cm
2
 aerosol deposition on 

MucilAir
TM 

epithelium (MD068501;MD072001).  
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Figure 3.3: E-cigarette aerosol-induced cytotoxicity on MucilAir
TM

 

epithelium. a) Schematic of the experimental setup to evaluate e-cigarette aerosol 
impact on MucilAirTM epithelium integrity using the cellZscope module. An initial 
data point was collected before aerosol deposition. Aerosols were then deposited 
on top of the cells for 15 minutes with a subsequent incubation time of 4 hours. 
Following the incubation time, a second data point was collected. b) Mean TEER 
value (n=2) obtained using a cellZscope module of the filter without cells (Ref), of 
MucilAirTM epithelium in the absence of aerosol exposure (ALI) or after being 
exposed for 4 hours to 133 µg/cm2, 267 µg/cm2 or 400 µg/cm2 of e-cigarette 
aerosol. Error bars represent the standard deviation from the mean. c) 
Schematics of the experimental setup to evaluate e-cigarette aerosols impact on 
MucilAirTM epithelium integrity using the fg-OECT. Contrary to the setup 
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described below, the epithelium was integrated into the fg-OECT device directly 
after deposition of aerosols to perform a continuous measurement during 4 hours. 
d) Normalized time response of the fg-OECT device following integration of 
MucilAirTM epithelium exposed to 334 µg/cm2 and 120 µg/cm2 of aerosols. 
Aerosols were deposited on the cells at t=1 min for 25 to 30 min depending on the 
mass of deposited aerosols (red line) then cells were incubated for 15 min (green 
line) before the recording start. Here, NR=1 corresponds to initial intact barrier 
properties and NR=0.3 corresponds to a cell layer with no barrier properties. 

3.4 Discussion and Conclusion 

In this work, we have developed a sensing platform to perform airway 

barrier tissue monitoring at the ALI. The fg-OECT system consists of a planar 

channel and a flexible gate electrode made of a polyurethane membrane that 

conforms to the apical side of the epithelial tissue. This technology takes 

advantage of the adhesive properties and ionic composition of mucus and uses it 

as an electrolyte for ionic diffusion. It provides a unique way to perform 

continuous monitoring of ALI barrier tissue resistance for hours while 

maintaining cells in a physiological environment. Using this system with a 

VITROCELL® Cloud6 module for airway epithelium aerosol exposure, we 

gained insight into how e-cigarette aerosols disrupt human bronchial epithelium 

barrier function over time. The use of e-cigarettes has rapidly become widespread, 

even if our understanding of e-cigarette impact on health is still very limited. 

Compared to conventional cigarettes, nicotine electronic delivery systems allow 

control of nicotine concentration used, and several studies promote its healthier 

impact on the lung tissue.
28–30

 However, some papers have already addressed 

toxicity of e-liquids or e-cigarette aerosols on in vitro models of airway 

epithelium.
21,31,32

 Due to the lack of adapted technology, these studies are mainly 

based on cellular inflammation response studies and viability testing but very few 

investigate aerosol impact on cell barrier integrity. We carried out a systematic 

analysis of the composition of e-cigarette aerosols generated from a ROYKIN 

brand e-liquid and performed continuous analysis of the effect of these aerosols 

on airway epithelium. We showed that the loss in barrier integrity is not 

monotonic, but rather first increases before finally decreasing, with the effect 

accelerated at higher doses. Recent studies have demonstrated cytotoxicity of 

short-term e-cigarette aerosols exposure, however, they have not shown such short 
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exposure time cytotoxicity (on the scale of hours).
21

 There is currently no 

standardized method for e-cigarette aerosols application, and the time-deposited 

mass can vary a lot according to the aerosol module and associated parameters for 

vaporization, thus complicating the comparison of results with the literature. We 

took care to carry out a careful dosimetry assessment for e-cigarette studies to 

evaluate the real deposited mass of aerosols reaching the cell surface.
30

 Our study 

suggests that e-cigarette should be viewed as far from risk free or harmless and 

non-neutral compared to air although possibly less toxic than cigarette 

smoke.
28,33–35

 To more thoroughly investigate the cytotoxic effects of e-cigarette, 

a long term exposure model lasting several days to a few weeks, including 

recreation of physiological breathing movements during exposure would be more 

appropriate. One limitation of our system is the impact on variance in ciliary 

beating frequencies (CBFs) when the gate is continuously in contact with cells. 

However, this problem could be overcome by the inclusion of micro-holes 

through the gate in order to decrease the total surface of the gate in contact with 

cells while maintaining efficient gating. Additional studies should also include 

repeated exposure over multiple days to better evaluate the long-term effect of e-

cigarette aerosols on airway epithelial function. In conclusion, the fg-OECT 

platform provides a unique, reliable and versatile approach to perform airway 

sensing into physiological conditions. Our strategy may be adapted to a variety of 

in vitro model configurations, including lung and skin models.
5,24,36

  

3.5 Material & Method 

Human airway epithelium cell culture 

24-well plate MucilAir
TM

 inserts from individual donors were purchased from 

Epithelix Sarl (Plan-Les-Ouates, Switzerland). MucilAir
TM

 cultures were 

originated from primary human cells isolated from the human bronchial tissue. 

Three donors were used in the study. According to the supplier's certificate of 

analysis, donors for the cultures were 48-53 year old Caucasian, with no 

pathology reported (batch numbers: MD051002, MD068501, MD072001). Cells 

were maintained in culture using MucilAir
TM

 culture media at 37°C and 5% CO2 

in a 95% humidified incubator for 24h before experiments. Every other day, 

media was changed using MucilAir
TM

 culture media. 
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Device fabrication 

Thermally evaporated gold source and drain contacts were defined by 

photolithography on top of a glass substrate. The planar channel of the Organic 

electrochemical transistor (OECT) was fabricated using the conducting polymer 

PEDOT: PSS (Heraeus, Clevios PH 1000) as the active layer. The PEDOT:PSS 

was mixed with ethylene glycol (Sigma Aldrich) in a volume ratio of 1:4 

(ethylene glycol to PEDOT:PSS) to increase conductivity, the surfactant 4-

dodecylbenzenesulfonic acid (DBSA, 0.5 μL.mL-1) to improve film formation, 

and the cross-linker 3-glycidoxypropyltrimethoxysilane (GOPS) (10 mg.mL-1) to 

improve film stability. Channel dimensions were patterned using a parylene peel-

off technique described previously
19

, resulting in a PEDOT:PSS channel length of 

3 mm and width of 6 mm. A thermally evaporated gold gate electrode was defined 

on top of 50-µm-thick stretchable polyurethane (PU) film (DelStar technologies 

INC, ref EU50) by laser ablation, using LPKF Protolaser S equipment. A drop of 

10 µl of PEDOT:PSS was added on top of the gold to reduce its impedance. 

Following PEDOT deposition, devices were baked for 1 h at 110°C under 

atmospheric conditions. 

Aerosol exposure  

A recent high-power electronic nicotine delivery system was used made up of a 

variable lithium-ion battery (iStick TC40W, Eleaf) and an atomizer (GS Tank, 

Eleaf). Equipped with an internal 2600 mAh battery, the variable wattage can be 

adjusted up to 40 W of vaping power. The variable wattage/voltage resistance 

range is 0.15–3.55 Ω, corresponding to the working range of the battery device. 

The GS-Tank is a recently engineered atomizer. It presents a resistance of 0.15 Ω, 

a liquid capacity of 3 mL and requires maximum push power ranging up to 40 W. 

The amount of airflow can easily be adjusted by the control ring on the atomizer 

base. Prior to performing particle size assessments, batteries were fully charged, 

the maximum air inflow position was fixed, and the value of the electrical 

resistance was checked. Atomizers were changed regularly to avoid biases due to 

the use of degraded and/or dirty coil. In our study, for all experiments the power 

level of the battery was fixed at 30 W. The E-liquid used was from ROYKIN 

brand (Tabac intense) corresponding to 80% of propylene glycol, 20% of vegetal 

glycerin and 11 mg/mL of nicotine. The aerosol generated by the high-power 
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ENDS was administered to the cell culture using a VITROCELL® Cloud 6 

exposure system with 24-well insert adaptors. The system consists of a heating 

surface (37°C) where inserts can be placed under a hermetic exposure enclosure 

for the aerosol. Aerosol sampling was carried out considering 4-s puff of 55 mL 

every 30 seconds with 2 min pauses after each administration of 5 consecutive 

puffs to avoid ENDS overheating. Puffs were collected in a 60 mL syringe acting 

as a reservoir during the transfer to the Cloud 6 module. Experiments were 

performed with different numbers of puffs (10, 20, 25 and 30). A delay of 15 min 

at the end of the exposure allow ENDS aerosol to totally deposit on the cells 

before opening the enclosure.  

Smoke deposition and composition analysis 

To characterize the chemical composition of generated e-cigarette aerosols, gas 

phase samples were collected as follows: Direct sampling: e-cigarette aerosols 

were collected using a syringe with volumes varying between 5 mL and 55 mL, 

followed by direct injection of collected aerosol into Tenax sorbent tubes (Sigma 

Aldrich) to capture volatile organic compounds (VOC) or 2,4-

dinitrophenylhydrazine (DNPH) Cartridges (Sigma Aldrich, LpDNPH S10L) to 

capture volatile aldehydes and ketones. Passive sampling in the VITROCELL® 

Cloud: to mimic exposure conditions, experiments in the VITROCELL® were 

carried out under identical conditions described above but by replacing the cells 

with the Tenax tubes and DNPH cartridges, for a duration of 80 minutes. 

Experiments were carried out in triplicate and blanks of the VITROCELL® 

(without e-cigarette aerosols) were also collected. After sampling, DNPH 

cartridges were extracted with 2 mL of acetonitrile followed by analysis using a 

Shimadzu liquid chromatography Nexera X2 equipped with a diode array detector 

SPD-M20A. A 10 μL aliquot was injected in a Nucleodur Sphinx RP, of 15 cm 

length and of 5 µm of particle size, at a flow rate of 1 mL min
−1

. The detection 

wavelength was set at 360 nm and the mobile phase consisted of 60% ACN 

(acetonitrile) and 40% water.  The identification of carbonyls was based on 

comparing retention times and UV spectra of peaks with those obtained with an 

analytical standard mix of 13 carbonyl-DNPH derivatives (Sigma Aldrich, ERA-

028). A calibration curve was generated for quantification, by preparing in 

acetonitrile diluted solutions of the analytical mix, with concentrations in the 
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range (1-15 µg/mL). Three analyses were run per sample. On the other hand, 

trapped VOC inside the Tenax tubes were thermally desorbed at 270 °C at 50 mL 

min
-1

 for 5 minutes using an automated thermal desorption system (Turbomatrix 

ATD 150, Perkin Elmer), followed by analysis using gas chromatography 

(Agilent 6890) coupled to mass spectrometry (Agilent 5973). Separation of 

desorbed volatiles was carried out using a HP-5 MS column (30 m × 0.25 mm × 

0.25μm) operated initially at 50°C for 1 min, followed by a 10 °C min
−1

 ramp to 

reach 300 °C. Mass spectra were scanned between m/z 35 and m/z 300 with the 

source temperature set at 230 °C. Identification was based on comparing retention 

times and mass spectra with those obtained by injecting authentic standards of 

nicotine, polypropylene glycol and glycerin (Sigma Aldrich) as well as by 

comparing mass spectra with the NIST 14 database. Quantification of nicotine 

was obtained by calibration in the range 10 – 100 µg. 

Transepithelial electrical resistance measurements  

Transepithelial electrical resistance (TEER) measurements were performed using 

the cellZscope module (nanoAnalytics GmbH, Germany). MucilAir
TM

 insert 

(Corning Costar Transwell™ Permeable Supports with PET membrane inserts of 

0.4 μm pore size) was integrated into the module and pre-heated cell culture 

media was added to the apical compartment of the insert prior to perform 

measurement at 37°C. After measurement performed, the liquid was gently 

removed from the luminal side of the insert paying attention to avoid removal of 

mucus and replaced into the incubator.  

Electrical measurement and data analysis 

For OECT measurements, the gate was gently placed at the center of the luminal 

side of the filter, in direct contact with cell-secreted mucus. OECT operations 

were performed using a Keithley 2612 Source Measure Unit. Pulse time response 

measurements were performed at 37°C before and after e-cigarette aerosols 

deposition outside the VITROCELL® Cloud module. Throughout these 

experiments, measurement parameters were chosen to avoid exposing the cell 

layers to a voltage drop above 0.4V, which could damage bilayer membranes
37

. 

Then, OECT data were collected using the following parameters: VG = 0.2V, VD = 

-0.2V on time 2s, off time= 118s. Measurement parameters were controlled using 

a customized LabVIEW program. When OECT data are shown in the form of a 
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normalized response (NR), NR is obtained by dividing time constant value (τt) by 

the time constant value before aerosol deposition (τ0) and subsequently 

normalizing the dataset Fitting of the time constant (Tau) was performed using a 

Matlab script as already described.
38
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4.1 Abstract 

Three dimensional cell culture systems have witnessed rapid expansion in 

the fields of tissue engineering and drug testing owing to their inherent ability to 

mimic native tissue microenvironments. High throughput technologies have also 

facilitated rapid and reproducible generation of spheroids and subsequently their 

use as in vitro tissue models in drug screening platforms. However, drug 

screening technologies are in need of on-line monitoring platforms to study these 

3D culture models. In this work we present a novel platform to measure the 

electrical impedance of 3D spheroids, through the use of a planar organic 

electrochemical transistor (OECT) and a circular-shaped microtrap. A new 

strategy was generated to overcome incompatibility of the integration of 

polydimethylsiloxane (PDMS) microdevices with OECTs fabrication. The 

impedance platform for 3D spheroids was tested by using spheroids formed from 

mono-cultures of fibroblast and epithelial cells, as well as co-culture of the two 

cell types. We validated the platform by showing its ability to measure the 

spheroid resistance (Rsph) of the 3D cell models and differences in Rsph were found 

to be related to the ion permeability of the spheroid. Additionally, we showed the 

potential use of the platform for the on-line Rsph monitoring when a co-culture 

spheroid was exposed to a porogenic agent affecting the integrity of the cell 

membrane.   

4.2 Introduction 
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Recent advances in microfabrication, cell biology and tissue engineering 

have greatly supported the development of physiologically relevant 3D cell 

culture models. Through the use of these models it is now possible to create in 

vitro systems that can better mimic in vivo tissue dynamics with enhanced cell-

cell and cell-extracellular matrix (ECM) interactions.
1,2

 Generation of 3D cell 

models has been done using both natural and/or synthetic polymers for the 

fabrication of 3D porous scaffolds in which monoculture or co-cultures of cells 

can grow in 3D.
3
 In parallel, the use of scaffold-free techniques for the formation 

of 3D cell constructs has also greatly advanced in recent years.
4
 By taking 

advantage of the ability of cells to secrete their own ECM and to self-organize 

into stable 3D structures, cells cultured on non-adherent substrates form 3D 

microstructures commonly known as spheroids or organoids. Several reports have 

shown the development of different organoids types, such as cardiac
5,6

, liver
7,8

 

and epithelial
9,10

 tissues, both in mono and co-culture systems.  

The rapid expansion of scaffold-free technologies to create 3D spheroids, 

such as the hanging drop technique
11

, has opened up new opportunities in the 

field of drug discovery and toxicology screening. Recent efforts in this research 

area have made it feasible to use spheroids for high-throughput drug screening by 

employing well-established biology tools, such as imaging12 and other end-point 

assays.
13

 Microfluidics have also been explored extensively for manipulation and 

testing of spheroids in lab-on-a-chip devices, both for long-term culture and drug 

screening.
14–17

 Manipulation of spheroids in microfluidics can be performed by 

either loading the spheroid in the microfluidic after off-chip formation, or by 

direct formation of the spheroid in the microchannel. For the former, semi-oval 

shaped nozzle microfluidic devices are typically used to trap the spheroids in 

microfluidics. In these systems, bypass channels of higher hydraulic resistance are 

used to precisely position the spheroids in the microfluidics
14,15,18

. Silva et al. 

demonstrated a reduction in the shear-fluid damage of trapped pancreatic islets 

when using this device geometry.
15

 For spheroids formed in situ, different 

strategies have been employed such as hemispherical microwells16 and pneumatic 

microstructure arrays
17

 for tumor spheroid cultures, as well as the integration of 

microfluidic networks in hanging drop systems with a microfluidic gradient 

generator and capillary valves for on line toxicology studies of human colorectal 



!(#

#

carcinoma spheroids.
19

 Despite the push towards the use of spheroids for high-

throughput drug discovery and toxicology, there is a definite gap in terms of 

available technologies capable of performing on-line monitoring of these 3D 

culture models. Label-free electrochemical impedance sensors (EIS) have proven 

to be a very powerful technique to assess the integrity of cell barriers in a 

minimally invasive manner
20

. To date, EIS has been used extensively with 2D 

cell culture for the determination of electrical resistance of cell layers (to assess 

cell properties such as adhesion, proliferation or differentiation
20

) in cells grown 

directly on electrodes, or on porous membranes, to determine a quantity known as 

trans(epi/endo)-thelial resistance (TEER).
21

  However, there are few examples of 

impedance based methods for monitoring 3D cultures.
22–24

  

Our laboratory has explored the use of a novel class of organic electronic 

devices, the organic electrochemical transistors (OECTs), as an alternative 

electronic transducer to perform cell-impedance sensing.
25

 The OECT is a three 

terminal device that make use of the electrochemical doping/de-doping of a 

conducting polymer, such as poly(3,4-ethylene-dioxythiophene):poly(styrene 

sulfonic acid)  (PEDOT:PSS), to modulate the drain current of the transistor 

channel.
26

 OECTs have been employed in a wide range of applications, ranging 

from chemo/bio-sensing,
27,28

 to in vivo brain activity recording
29

 and in vitro 

measurements of electrogenic cells
30

 as well as non-electrogenic cells
31,32

. 

Recently, we reported  on the monitoring of 3D cysts using the OECT, however 

the sensitivity and the ease of use of the technique left room for improvement.
33

  

In this work, we show the coupling of an OECT transducer with a 

microfluidic trapping device to realize an easy-to-use testing platform capable of 

assessing the resistance of spheroids. We propose a new fabrication strategy for 

both the OECT and the PDMS microtrap to achieve the optimal performance of 

our organic impedance sensor. Through the use of a PDMS circular-shaped 

microtrap we validated our platform using both mono- and co-culture spheroids, 

to demonstrate the ability of the platform to measure the spheroid resistance. 

4.3 Results 

4.3.1 Microtrap platform design  
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The OECT is a three terminal device that  can be easily integrated and 

operated in microfluidics, as we showed previously.
32

 Figure 4.1a shows a 

schematic representation of the proposed platform. The PDMS microtrapping 

device comprises a single straight channel (500 µm wide) that terminates with a 

nozzle in order to facilitate the positioning of the spheroid at its end. The spheroid 

is driven to the desired location by the liquid flow, as shown in the zoom-in 

schematic of Figure 1a (red arrow). A gravity-driven flow was achieved by 

altering the liquid level in the two liquid reservoirs connected to the two extreme 

of the monolithic PDMS microdevice, as shown in the fully assembled device in 

Figure 4.1b. During the spheroid trapping step the height of the liquid in the 

reservoir on the straight section (left) of the microchannel was kept to a higher 

level. The recovery of the spheroid was then performed by simply inverting the 

liquid levels of the two liquid reservoirs (green arrow of Figure 1a). In our 

platform, the OECT channel was positioned on the side of the straight 

microfluidic channel, while the gate electrode was placed on the right, after the 

nozzle microtrap.    

Figure 4.1c shows a scheme of the OECT fabrication steps, including its 

integration with the PDMS microtrapping device, shown in step 6. Patterning of 

organic material, e.g. PEDOT:PSS, using the PaC peel-off techniques was first 

reported by DeFranco et al.34 and successively adapted by Sessolo et al. for the 

fabrication of low impedance multi-electrode arrays for in vitro neural 

recording.
35

 In our laboratory, we have successfully used the PaC peel-off 

technique for the fabrication of several OECT channel geometries, from 

millimetre scale
36

 down to tens of micrometre OECT channel length.
37

 For 

standard OECT fabrication, we make use of two separate layers of PaC (~2µm 

each) to insulate the gold contacts and define the active area of the transistor by 

peel-off technique, respectively. PaC is one of the many derivatives of poly(p-

xylylene) characterised by high mechanical and chemical stability. However, one 

of the main drawbacks in using PaC as the insulator layer for planar OECT is its 

chemical incompatibility with PDMS. In practice, PDMS and PaC cannot be 

bonded permanently together by simple O2 plasma activation, a common 

technique used to seal PDMS microfluidics onto glass substrates. To overcome 

this limitation, we modified the OECT fabrication protocol using only a single 
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layer of PaC. By doing so, we are able to pattern the PEDOT:PSS film to form an 

OECT and, at the same time, to use the glass substrate for bonding via O2 

activation of the PDMS microtrapping device with our planar electronics. 

In the new fabrication protocol, following lift-off to define gold tracks (step 

1 Figure 1c), a single 2 µm thick layer of PaC was deposited via chemical vapour 

deposition (CVD) on top of an anti-adhesion layer (step 2). Patterning of the 

transistor active areas, both OECT channel and gate electrode, was achieved by 

O2 reactive-ion etching (RIE), step 3. To promote a stable covalent bonding 

between the gold and the conducting polymer film, a self-assembled monolayer 

(SAM) of the (3-mercaptopropyltrimethoxy)-silane was formed on the gold 

contacts. Covalent crosslinking between the mercapto-SAM and the spin-coated 

PEDOT:PSS film is possible due to the presence of a second silane agent (GOPS) 

dispersed in the PEDOT:PSS liquid suspension. A schematic of the chemical 

structures of the mercapto-SAM and its crosslinking network within the 

PEDOT:PSS film is shown in Figure 4.1d. The impact of the mercapto-SAM on 

the electrochemical behaviour of the OECT active layer was assessed by cyclic 

voltammetry and impedance spectroscopy, both confirming negligible effects 

(more details shown in ESI). Finally, the PaC layer was peeled-off to reveal the 

final pattern of the conducting polymer film, as shown in Figure 1c step 5.  

It is important to note that initial attempts to fabricate fully operative and 

stable OECT devices without the use of the mercapto-SAM were unsuccessful. 

The mechanical stress generated at the PEDOT:PSS film/gold interface during 

mechanical removal of the single PaC layer resulted in delamination of the 

conducting polymer film and, in turn, failure in the transistor operation. 

Improvements in the OECT fabrication due the presence of the mercapto-SAM 

are presented in Figure 4.1e. Figure 4.1f shows the transfer characteristics of 

an OECT as a function of the gate bias, following mercapto-SAM 

functionalization. The drain current (ID)/voltage drain (VD) characteristic 

demonstrates a typical low voltage operation (below 1V) in depletion mode.
26
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Figure 4.1. Microtrap platform design. a) Schematic representation of the 
microtrap impedance sensing platform. An Organic Electrochemical Transistor 
(OECT) is fabricated on glass and the PDMS microtrapping device is positioned 
on top of the planar electronics. The transistor channel (25x25 µm²) is located to 
the left of the nozzle trap while the gate is positioned right after the microtrap. 
Zoom in illustration shows the loading (red) and unloading (green) flow direction 
to place the spheroid within the microtrap. b) Optical image of the fully 
assembled platform in which 1 mL micropipette tips are used as permanent 
reservoirs for the cell culture media and to control the gravity-driven flow. c) 
Modified version of standard OECT fabrication in order to achieve permanent 
bonding of the planar electronics and the PDMS microtrapping device. For 
fabrication of the platform, (1) patterning of gold tracks, (2) deposition of anti-
adhesive layer and parylene C (PaC) layer, (3) reactive ion etching for PaC 
patterning and gold exposition, (4) mercapto-silane self-assembled monolayer 
(SAM) and spincoating of PEDOT:PSS conducting polymer dispersion, (5) PaC 
peel-off and (6) O2 activation for bonding. d) Schematic illustration of the SAM-
mediated covalent bonding between gold and PEDOT:PSS. The nucleophilic thiol 
groups selectively bond to gold, leaving the silanol moieties available to react 
with PEDOT:PSS crosslinker. e) Enhanced adhesion between gold and 
PEDOT:PSS film. In the presence of the mercapto-SAM, the PEDOT:PSS film 
stably adheres to the gold interface after peeling off the sacrificial PaC layer. In 
the absence of the mercapto-SAM, we observed PEDOT:PSS tearing away from 
the gold layer after Pac peel off. The middle schematics show the end results of 
the PEDOT:PSS patterning with and without SAM after PaC peel-off. f) Output 
characteristics (ID vs VD) of the OECT in the presence of the SAM on gold. VG 
varying from 0 (top curve) to +0.6V (bottom curve) with a step of +0.1V.     
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Figure 4.2a shows time-lapse images of the spheroid trapping steps. As the 

spheroid can be easily trapped using our microtrap architecture, the next step was 

to achieve optimal performance of the impedance sensor when embedded in the 

microfluidics. One the main challenges to face when measuring the impedance of 

3D spheroids is to drive the ion flux through the spheroid and to avoid any other 

low resistive ionic pathways, as they can lead to misinterpretation of the device 

readout. Standard photolithographic fabrication of master moulds for PDMS 

replica moulding makes use of a single layer of the negative SU-8 photoresist. 

However, when using SU-8 master moulds the resulting PDMS microfluidic chips 

can only be made with a squared cross-section profile due to the impossibility to 

reflow the photoresist after development. Figure 4.2b-i and ii show optical 

images of the PDMS microdevice and a schematic view of the cross section of the 

nozzle microtrap, respectively. Although this trap geometry has been shown by 

others to be effective for spheroid trapping,
14,15,18

 the use of the squared profile 

microtrap leads to the presence of gaps in between the PDMS and the spheroid, 

highlighted by the black arrows in the scheme of Figure 4.2b-iii. This in turn can 

cause loss in sensitivity of the impedance sensor as the ionic current can flow 

through those gaps as they hold a lower ionic resistance compared to the 

paracellular ones. In support of this, Huerta et al. showed already the impossibility 

to measure impedance of cysts with a diameter smaller than the inner diameter 

(ID) of the glass micro capillary (Ø= 164 μm) used for the trapping.
33

 As the 

envisioned platform should be able to reliably measure the impedance for 

spheroids of different radii, we modified the squared microtrap profile to achieve 

a circular-shaped nozzle profile that can be easily used with spheroids of different 

dimensions. An optical image of the PDMS modified microtrap and a close up 

picture of the circular-shaped profile (inset) is shown in Figure 4.2c-i. Details on 

the post-modification of the microtrap using the glass capillary templating 

technique can be found in Figure S1. Schematics of the cross-sectional view of 

the circular-shaped profile of the trap and envisioned trapping of the spheroid are 

shown in Figure 4.2c. The use of this microtrap geometry can provide a better 

seal of the spheroid around the microtrap perimeter and greatly favour the 

operation of the impedance sensor by minimising the ionic flow around the 

spheroid. Moreover, another advantage of using the circular-shaped trap is the 

possibility to trap and measure impedance of any spheroid as long as their 
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diameter is larger than 80 µm, i.e. circular trap diameter. Figure 4.2d shows a 

TIF-pLifeAct spheroid of a diameter equal to ~149 μm trapped in the circular-

shaped nozzle where a tight contact between the spheroid and the PDMS is clearly 

visible, as indicated by the white arrow.   

Alongside the improvements of the trapping microstructure, it was also 

important to assess the impact of the microtrap on the performance of the OECT 

in its operational frequency range (1 Hz ≤ ƒ ≤ 20 kHz). In fact, by placing the 

nozzle in between the gate and the channel of the transistor a change in the 

transistor response is expected due to an increased electrolyte ionic resistance 

(Rel). Figure 4.2e shows a direct comparison of the bandwidth spectra 

(transconductance gm vs frequency) for the OECT in the absence and presence of 

the microtrap. The transconductance gm represents the gain (amplification) of the 

transistor (ΔID/ΔVG). Figure 2e shows the frequency dependent characteristic of 

the OECT when both the transistor gate and channel were placed in the straight 

microfluidic channel, right before the nozzle microtrap. A characteristic plateau of 

gm is observed up to ~700 Hz, followed by an abrupt decrease in the 

transconductance at higher frequencies and a resulting cut-off frequency (-3dB) at 

~1.47 kHz. The inset image of Figure 2e shows an equivalent circuit for which the 

capacitor is the OECT capacitance (COECT) and Rs is the series resistance, 

including the electrolyte resistance Rel. In the presence of the squared and 

circular-shaped microtrap, a slightly different gm vs frequency characteristic was 

measured, with a shift of the cut-off frequency towards lower frequencies due to 

the increase in the Rel contribution in both cases. We measured a cut-off 

frequency of ~190 Hz (red) for the squared and unmodified microtrap, and ~63 Hz 

(blue) when using the circular-shaped microtrap. For the latter, the lower cut-off 

frequency is consistent with the fact that the circular-shaped microtrap has a 

smaller cross-sectional area (higher Rel) compared to the squared one, as shown 

in the inset equivalent circuit of Figure 2e. 
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Figure 4.2. Spheroid impedance sensing a) Time lapse images of the spheroid 
trapping. From top left to bottom right, (t1) placing the spheroid in the inlet 
reservoir, (t2) spheroid reaching the PDMS inlet, (t3) spheroid travelling through 
the microchannel and (t4) spheroid trapped in the microfluidic nozzle. b) top - 
Optical image of the microtrap for the fully assembled platform (scale bar 500 
µm). bottom -Schematics of the cross-sectional view of the squared microtrap and 
spheroid trapping. The squared profile can lead to the presence of gaps between 
the spheroid and the PDMS (black arrows). c) top – Optical image of the modified 
version of the microtrap using the glass capillary templating technique. Inset 
image showing a close up view of the circular-shaped microtrap (scale bar 500 
µm, inset 100 µm). bottom - Schematics of the cross-sectional view of the 
circular-shaped microtrap and spheroid trapping. d) Optical image of a TIF 
pLifeAct spheroid trapped in the circular-shaped trap. The white arrow shows the 
conformal contact between the spheroid and the PDMS (scale bar 100 µm). e) 
Frequency dependent response of the OECT in microfluidics in the absence of the 
microtrap (black), when using the squared microtrap (red) and the circular-
shaped microtrap (blue). The decrease in the cut-off frequency (-3dB) is due to the 
increase of the series resistance in the electrolyte. 

4.3.2 Microtrap platform performance 
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The main objective of this work was to realise a platform capable of 

measuring the electrical resistance of spheroids (Rsph) in a simple and reliable 

manner. To validate our platform, we first made use of fluorescently labelled TIF 

(pLifeAct expressing RFP actin) spheroids. Spheroids were cultured using two 

different conditions in order to achieve spheroids of different dimensions. Using a 

static hanging drop plate, we were able to grow these spheroids with an average 

diameter of 152±4 µm and 187±11 µm by seeding 1000 and 2000 cells per drop, 

respectively.  Figure 4.3a shows the typical bandwidth spectra for the transistor 

when a single TIF pLifeAct spheroid was placed inside the microtrap. When using 

the OECT to measure the spheroid impedance, a further decrease in the initial cut-

off frequency of the transistor was monitored due to changes in the ion flux 

caused by the presence of the spheroid in the microtrap, from the blue curve to the 

orange and green curves. Figure 4.3b shows optical images for the two spheroids 

with a diameter of ~140 µm for the 1000 cells and a diameter of ~184 µm for the 

2000 cells when trapped in the circular-shaped nozzle. The two insets of Figure 

4.3b show the fluorescence images of the spheroids prior to trapping, showing 

almost unaltered shape of the spheroids once inside the microtrap. We can also 

observe how the two spheroids present a good contact to the circular-shaped trap 

despite their different diameters. 

With regards to the transistor cut-off frequency change given by the two TIF 

spheroids, we observed in this case only a slight difference in the final cut-off 

frequencies, i.e. ~2Hz. Figure 4.3c shows the extracted impedance spectra 

measured in the absence of spheroids (blue curve), and when the two spheroids 

were placed in the microtrap (1000 cells, green curve; 2000 cells, orange curve). 

The inset equivalent circuit of Fig.3c was used to fit the impedance spectra in 

order to extract the spheroid resistance values Rsph for the two TIF spheroids. It 

should be noted here that Rsph takes into account the ionic resistive pathways both 

through and around the spheroid. Although the circular-shaped trap is able to 

significantly improve the seal between the PDMS microtrap and the spheroid, the 

presence of gaps contributing to the final impedance cannot be excluded. The 

estimated Rsph for the ~140 µm spheroid is 3.6 Ω·cm2 and for the ~184 µm 

spheroid the Rsph is equal to 4.1 Ω·cm2. The slightly larger Rsph of the latter 

spheroid might be attributed to its larger dimension as this spheroid can impede 



)"#

#

more the ion flow when compared to the smaller one. However, when comparing 

the mean Rsph values for several spheroids in Figure 4.3d (1000 cells Rsph=3.9 

Ω·cm2 (n=4), 2000 cells Rsph=4.4 Ω·cm2 (n=4)), there is not a statistically 

significant difference (p < 0.05, t-test). TIF cells’ primary role is structural, being 

largely present in connective tissue rather than epithelial or endothelial (barrier-

tissue). Therefore, this result showed us the Rsph is largely dependent on the ion 

permeability of the spheroid, i.e. cell type and function, rather than its dimensions.  

 

Figure 4.3. Size-selective microtrap platform performance. a) Typical 
frequency dependent response of the OECT in the absence (blue) and in the 
presence of TIF pLifeACT spheroids of different dimensions. Seeding conditions 
for the spheroid: 1000 cells per drop (orange) and 2000 cells per drop (green). b) 
left – 1000 cells spheroid (Ø=ca. 140 µm) trapped inside the circular-shaped 
nozzle. Inset image shows the spheroid prior trapping (scale bar 100 µm, inset 50 
µm). right - 2000 cells spheroid (Ø=ca. 184 µm) trapped inside the circular-
shaped nozzle. Inset image shows the spheroid prior to trapping (scale bar 100 
µm, inset 50 µm). c) Typical impedance spectra in the absence (blue) and 
presence of TIF pLifeAct spheroids (1000 cells, orange; 2000 cells, green). Inset 
equivalent circuit used for the fitting of the spheroid resistance (Rsph). d) Rsph 
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obtained for different TIF pLifeAct spheroids cultured using the two conditions. 
(1000 cells n=4, 2000 cells n=4). 

Following this result, we then wanted to investigate the ability of the 

platform to measure the Rsph when different cell types are used for the formation 

of the spheroids. MDCK II cells are epithelial cells from the distal part of the 

kidney tubule that express TJs in their apical cellular membrane and are highly 

resistive when cultured in 2D.
32

  Initial attempts to grow MDCK II spheroids 

using the hanging drop technique were not successful as we could only form 

cellular clusters with dimensions well below the circular-shaped trap diameter, i.e. 

80 µm. Yonemura et al.
9
 observed a similar behavior when growing MDCK II 

cells in U-bottomed culture plates. As a means to improve spheroid formation, we 

made use of dextran (see materials and methods) added to the cell culture media 

in order to increase the media viscosity and favour spheroid formation. By doing 

so, we were able to form much larger MDCKII organoids, although we could not 

achieve high yield. An optical image of the trapped MDCK II eGFP organoid is 

presented in Figure 4.4b. The inset of Figure 4b shows the organoid prior to 

trapping in the circular-shaped nozzle. In this case, we noticed that the MDCK II 

eGFP organoids had a much softer nature compared to the TIF spheroids as the 

trapping always resulted in the spheroid being drawn into the length of the circular 

trap. Changes in the relative height of the liquid in the inlet/outlet reservoirs to 

achieve lower flow rates were not sufficient to avoid the confinement of the 

organoid throughout the trap. The softer nature of the MDCK II eGFP cluster may 

be due to the formation of lumen, resulting in formation of a cyst rather than a 

spheroid, previously described under the culturing conditions used here.
9
 When 

measuring the impedance of the Rsph for the MDCK II-eGFP cyst, we observed a 

drastic decrease in the transistor cut-off frequency (below 5 Hz) as shown by the 

light grey curve in Figure 4.4a. Resulting impedance spectra and mean Rsph 

values of 145±11 Ω·cm2 (n=2) for the MDCK II-eGFP cyst are shown in Figure 

4.4d and e, respectively. With regards to the much higher Rsph, we believe this 

may be caused by the typical lower ion permeability of this type of cells as well as 

the much tighter contact among the cells due to the cyst deformation/compression 

inside the circular-shaped nozzle. This result demonstrates that the platform can 

easily detect difference in the spheroid ion permeability; however, we needed 
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further evidence of this due to the unexpected insertion of MDCK II eGFP cyst 

inside the microtrap.  

 

Figure 4.4. Barrier-selective microtrap performance. a) Typical frequency 
dependent response of the OECT in the absence (blue) and in the presence of TIF 
pLifeACT spheroid (green),  TIF pLifeAct/MDCK II eGFP co-cultured spheroid 
(grey) and MDCK II eGFP spheroid (light grey). b) MDCK II eGFP spheroid 
(Ø=ca. 145 µm) trapped inside the circular-shaped nozzle. Due to the presence of 
a cyst lumen, the cyst presents a soft nature that results in the insertion of the 
spheroid inside the circular-shaped trap. Inset image shows the spheroid prior 
trapping (scale bar 100 µm, inset 50 µm). c) TIF pLifeAct/MDCK II eGFP co-
cultured spheroid (Ø=ca. 183 µm) trapped inside the circular-shaped nozzle. 
Inset image shows the spheroid prior trapping (scale bar 100 µm, insert 50 µm). 
d) Typical impedance spectra in the absence (blue) and in the presence of TIF 
pLifeACT spheroid (green),  TIF pLifeAct/MDCK II eGFP co-cultured spheroid 
(grey) and MDCK II eGFP spheroid (light grey). (e) Mean Rsph obtained for 
different spheroid types: TIF pLifeAct (2000 cells n=4), MDCK II eGFP (n=2) 
and TIF pLifeAct/MDCK II eGFP (n=5). 
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We had shown before that TIF pLifeAct spheroids were not deformed 

(Figure 3) when trapped in the platform. Given their supporting tissue function, 

we wanted to use them in combination with MDCK II cells for the formation of a 

more mechanically stable spheroid. In this case, the TIF cells should provide a 

suitable matrix on which the MDCK II can grow and form a continuous cell 

barrier. Interestingly, the co-culture of the two cell types resulted in the formation 

of spheroids with a core-shell structure in which the core is made of TIF cells 

while the MDCK II cells form a confluent layer around the core. The insert image 

of Figure 4b shows a typical TIF/MDCK II spheroid where it is possible to 

observe a more dense core of TIF cells (red) surrounded by the MDCK II (green) 

epithelial cells. Figure 4b shows a trapped TIF/MDCK II spheroid that did not 

deform after trapping, similar to what we observed previously when only using 

TIF cells for the spheroid. When measuring the Rsph for the TIF/MDCK II 

spheroid, we obtained typical resistance values higher than the TIF spheroid but 

lower than the MDCK II ones. Co-cultured spheroids were characterised by a cut-

off frequency of ~10 Hz, as shown in Figure 4a. Figure 4e reports values of Rsph 

equal to 29.3±13.7 Ω·cm2 (n=5) for an average spheroid dimension of 206±66 

µm. In the same graph resistance value of TIF spheroids (2000 cells) are also 

reported, for a more straightforward graphical comparison of the differences in 

Rsph of the three spheroid types. Overall, these results provide clear evidence of 

how the measured Rsph is influenced by the differences in the spheroid ion 

permeability given by the cells and, that the combination of the OECT with the 

circular-shaped microtrap is a suitable platform to assess such differences. 

 To further validate the platform, we also tested the dynamic performance of 

the device. Figure 4.5 shows dynamic measurements over a period of 45 minutes 

during which the TIF/MDCK II spheroid is exposed to a porogenic molecule, 

Triton X-100, a well-known non-ionic surfactant. The positive control experiment 

shows that the transistor performance was not affected by the presence of the 

Triton X-100 in the electrolyte. The variation of the Rsph (circle black) for a co-

culture of TIF/MDCK II spheroid exposed to a concentration equal to 170 µM of 

Triton X-100 shows that it takes ca. 10 minutes to observe an initial decrease in 

the Rsph. Following this time, a more marked variation of the Rsph was then 

recorded with a total loss of ~90% of the initial resistance after ca. 35 minutes of 
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exposure to Triton X-100. The control experiment in the absence of Triton X-100 

in Figure 5 (circle grey) does not show a similar trend and the Rsph is stable over 

the same period of time. However, some variations in the Rsph were measured 

probably due to movements of the spheroid within the trap during the testing 

period. 

 

Figure 4.5. Dynamic performance of the microtrap platform. On line 
measurements of the Rsph in the presence (black/white dots) and absence 
(grey/white dots) of a porogenic agent, Triton X-100, 170 µM. Due to the 
presence of Triton X-100 in cell culture media, a continuous decrease in Rsph was 
measured resulting from the gradual disruption of the spheroid cells membrane 
integrity. 

4.4 Discussion  

In this work we have developed a novel platform to perform impedance 

sensing of 3D spheroids. The platform comprises a circular-shaped PDMS 

microfluidic trapping device and an OECT impedance sensor to measure the Rsph.  
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The proposed platform is capable of measuring the impedance of different 

kinds of spheroids. When using TIF spheroids we obtained Rsph values of just a 

few Ω·cm
2
. The low resistance seems to be in agreement with the fact that 

fibroblast cells have a supporting tissue function and do not present significant 

paracellular resistance. When varying the spheroid diameter we observed 

negligible differences in the Rsph of TIF spheroids, understood as a change in the 

ionic pathways when flowing through a larger or smaller spheroid. We showed the 

suitability of this platform for measuring Rsph for spheroids that present different 

ionic permeability as they were grown using different cell types. For TIF/MDCK 

II spheroids we obtained average Rsph values ~6.7 times larger than for TIF 

pLifeAct. Although these two spheroids types present comparable dimensions 

(TIF/MDCK II spheroid diameter equal to 206±66 µm and TIF pLifeAct 

spheroids (2000 cells) average diameter equal to 187±11 µm) a marked difference 

in the Rsph was measured due to the presence of highly resistive MDCK II 

epithelial cells on the spheroid outer shell.  

When looking at other 3D spheroid impedance platforms, e.g. making use of 

microcavities
22

, hanging drop systems
23,24

, capillary traps
38

 and others
39

, one of 

their current limitations is the absence of a common physical quantity to describe 

the spheroid impedance. Different parameters/units had been used when studying 

the spheroid impedance, for example by comparing changes of the impedance 

magnitude at  multiple frequencies
24

, normalised current
23

 and relative increase of 

the full impedance frequency spectrum
22,38,39

. Although these methods are suitable 

to describe the 3D in vitro models under investigation, it is difficult to have a 

straightforward comparison between the outcomes of these studies. For 

impedance sensors in 2D cell cultures, TEER is the gold-standard parameter 

employed by most of the commercially available impedance systems, such as 

cellZscope, chopstick electrodes and ECIS from Applied BioPhysics. However, 

the TEER describes the trans(endo/epi)thelial resistance of a single cell monolayer 

while in spheroids the cells are clustered together in a 3D configuration. Thus, 

TEER is not a suitable parameter to be used when studying the impedance of 3D 

spheroids. As an alternative, in this work we made use of the Rsph as the physical 

quantity of interest to describe the impedance of spheroids expressed in Ω·cm
2
 

units. Indeed, we were able to show a correlation between spheroid resistance Rsph 
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and differences in the spheroid ionic permeability arising from the use of different 

cell, as well as online assessment of the Rsph in the presence of a porogenic agent. 

To conclude, it should be stressed here once more that Rsph should solely describe 

the ionic paracellular resistance in 3D, however, we cannot exclude the presence 

of ionic pathways around the spheroids. Our strategy here was to use the circular-

shaped nozzle to improve the seal contact between spheroid and PDMS trap and 

minimise/avoid the presence of gaps that can lead to potential low resistive ion 

fluxes around the spheroid. Further studies on this aspect are currently underway. 

4.5 Conclusion 

In this work, we have proposed a novel platform combining a circular-

shaped microtrap and OECTs to accurately measure the impedance of 3D 

spheroids. A new photolithographic fabrication protocol was developed for the 

fabrication of the OECTs through the use of a mercapto-silane agent to improve 

the adhesion between PEDOT:PSS/gold and we showed standard OECT 

performance. Moreover, the new fabrication protocol favoured the integration of 

PDMS based microfluidics, otherwise impossible when using the 2-layers PaC 

fabrication due to the chemical incompatibility for bonding between PaC and 

PDMS.
35

 The spheroid microfluidic trap consisted of a single channel terminating 

with a nozzle trap geometry. To improve the spheroid ionic blockage between the 

channel and the gate of the OECT, the nozzle trap was modified to achieve a 

circular-shaped profile that minimises/avoids the presence of gaps between 

spheroid and PDMS trap contours. The modified trap was used to measure the 

impedance of spheroids in a non-destructive way. When using the platform to 

measure the impedance of 3D spheroids, we showed marked differences in the 

Rsph for spheroids grown using fibroblast and epithelial cells alone, and when 

combining the two cell types. Finally, we assessed the platform performance 

while measuring in real-time changes in the Rsph caused by the presence of a triton 

X-100 in the cell media, known to disrupt cell membrane integrity. Future work 

will focus on making improvements to the spheroid trapping mechanism to avoid 

unwanted insertion of the spheroid inside the circular-shaped trap when using 

softer spheroids and/or cysts, such as the MDCK II organoids here. This can 

possibly be achieved by microfabrication of a smaller circular-shaped microtrap 
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using laser ablation.
40

 Further improvements on the estimation of Rsph will be 

also addressed in the future by correlating the spheroid impedance with its volume 

instead of the contact surface area between spheroid and microtrap. 

4.6 Material & Method 

OECT fabrication 

Planar OECTs were fabricated on conventional microscope glass slides (75x25 

mm
2
). Thermally evaporated gold defined source, drain, and gate tracks, patterned 

via lift-off lithography. PEDOT:PSS (Heraeus, Clevios PH 1000)  transistor 

channels of 25x25 µm
2
 and gate electrodes (4x4 mm

2
) were  created using an 

adapted version of the parylene C (PaC) peel-off technique.
35

 Briefly, following 

gold lift-off an anti-adhesive layer (2% v/v industrial cleaner, Micro-90) was spin-

coated (1000 rpm, 30 seconds) on the glass slide followed by deposition of a 

single 2 µm thick layer of parylene C (PaC). AZ9260 photoresist was then spin-

coated, exposed, and developed in AZ developer (AZ Electronic Materials) 

followed by reactive ion etching (Oxford 80 Plasmalab plus) of the unprotected 

layer of PaC in order to define openings for PEDOT:PSS deposition. The 

conducting polymer formulation consisted of PEDOT:PSS, ethylene glycol 

(Sigma Aldrich, 0.25 mL for 1 mL PEDOT:PSS solution), 4-

dodecylbenzenesulfonic acid (DBSA, 0.5 μL mL
−1

) and 3-

glycidoxypropyltrimethoxysilane (GOPS) (10 mg mL
−1

). To enhance the adhesion 

of the PEDOT:PSS layer to the gold contacts during PaC peel-off, a monolayer of 

3-mercaptopropyltrimethoxysilane (MPTMS) was formed on the gold by 

exposing the substrate to a 10 mM solution (3:1 volume iso-propyl alcohol 

(IPA)/de-ionised water (DI)) for 1 min, then rinsed with IPA and DI and blown 

dry with nitrogen. Prior to spin-coating of the PEDOT:PSS solution, the glass 

slides were O2 plasma activated (25 Watt, 120 seconds) to promote hydrolysis and 

activation of the MPTMS.
41

 The resulting devices were subsequently baked at 130 

°C for 1 h followed by 2 rinsing/soaking cycles in deionized water to wash away 

any unbound low density molecular-weight material from the OECT channel and 

gate. 

Microtrap fabrication 
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The PDMS microfluidic trapping device was fabricated by standard soft 

lithography via SU-8 replica moulding. A silicon wafer was rinsed with 

acetone, IPA and DI water and then blown dry with nitrogen.  The wafer 

was then placed in an oven at 150°C under vacuum for at least 3 hours to 

de-hydrate the silicon wafer and improve SU-8 adhesion. A single 250 µm 

thick layer of SU-8 2075 (MicroChem Corp) was spin-coated on the wafer, 

followed by pre-exposure baking, i-line (λ=365 nm) exposure, post-

exposure baking and development. The final master mould was then treated 

with an anti-adhesive layer of perfluorodecyltrichloro-silane (Nanonex 

nanoimprintor) to facilitate demoulding of the cured PDMS. PDMS 

elastomer and curing agent were mixed truly in a 10:1 weight ratio, poured 

on the master mould and cured at 60°C overnight.  

To create a circular-shaped microtrap, the un-sealed PDMS microtrap was 

modified as follows: (1) a glass capillary (outer diameter 80 µm) was carefully 

placed inside the PDMS squared microtrap (width 100 µm, height 250 µm). (2) A 

125 µm thin foil of polyimide was placed on top in order to provide a reversible 

seal of the microtrap device. The polyimide foil was fixed in position using 

polyimide tape. (3) A small drop of uncured PDMS was allowed to flow by 

capillarity inside the microchannel in order to fill the gaps in between the cured 

PDMS microtrap and the glass capillary. The device was then placed in a pre-

heated oven at 120°C for 2 minutes in order to achieve a fast curing rate of the 

PDMS around the glass capillary. (4) The glass capillary was gently pulled out 

from the trap and the polyimide foil was then removed. The modified PDMS 

microtrap device was then fully cured for 2 hours at 80°C. Detailed schematics of 

the fabrication steps are reported in Figure S1. Finally, inlet and outlet ports were 

punched in the PDMS and both microtrap and OECT device were plasma 

activated to obtain irreversible sealing of the microtrap device with the planar 

OECT. 

3D Spheroid cell culture 

Human telomerase immortalized fibroblasts (TIF) (a gift from Ellen Van 

Obberghen-Schilling (Institut de Biologie de Valrose)) and  green fluorescent 

canine epithelial kidney cells (MDCK II eGFP) cells (a gift from Frederic Luton 

(IPMC, Valbonne)) were used to prepare spheroids for both mono and co-culture. 
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TIF pLifeAct were transfected with p
CMV

LifeAct–TagRFP (ibidi GmbH) to 

achieve stable expression of red fluorescent labelling of F-actin protein. The cells 

were cultivated in DMEM (Advanced DMEM Reduced Serum Medium 1X, 

Invitrogen) with 2 mM glutamine (Glutamaxt-1, Invitrogen), 10% FBS (Fetal 

Bovine Serum, Invitrogen), 0.5% PenStrep (PenStrep100X, Invitrogen) and 0.1% 

Gentamicin (Gentamicin 100X, Invitrogen). Briefly, spheroids growth was 

performed using a 96 well hanging drop plate (InSphero, Switzerland). 40 µL cell 

suspensions of TIF pLifeAct and/or MDCK II eGFP were used to fill each 

hanging drop well. 1000 and 2000 cells per drop were used for the formation of 

two different sizes of TIF pLifeACT spheroids. MDCK II eGFP spheroids were 

cultured starting from 500 cells per drop, while TIF pLifeAct/MDCK II eGFP co-

culture spheroids were prepared using a cell ratio of 2:1 (1000-500 cells), 

respectively. This ratio was found to be optimal for enhancing self-organization of 

the spheroid with a characteristic core-shell structure (core: TIF pLifeAct; shell: 

MDCK II eGFP). Spheroid circularity was promoted using cell culture media 

containing 3.83 mg/mL dextran complement (Sigma-Aldrich, Switzerland), 

Figure S2.
42

 Spheroids were cultured for 3 days in an incubator at 37°C, 95% 

Humidity, 5% CO2. 

OECTs operation and data analysis 

For the operation of the OECTs, a National Instruments PXIe-1062Q system was 

employed. A source-measurement unit (SMU) NI PXIe-4145 was used to bias the 

channel of the OECT (VDS), while gate potential was applied and controlled using 

a NI PXI-6289, a multifunction data acquisition (DAQ) module. For frequency-

dependent measurements, output currents of the drain (ID) and the gate (IG) were 

recorded using two NI-PXI-4071 digital multimeters (DMM). The bandwidth 

measurements were performed by applying a sinusoidal modulation at the gate 

electrode (ΔVGS = 50 mV peak-to-peak, 1 Hz < f <20 kHz) while keeping a 

constant bias at the drain (VDS = −0.5 V). Measurements parameters were 

controlled using a customized LabVIEW program. Fitting of the frequency-

dependent measurements to extract spheroid resistance (Rsph) was performed 

using a Matlab script, as reported previously.
25

 Spheroid resistance values 

expressed in Ω·cm
2
 were obtained using a cell area equal to the contact surface 

area between the spheroid and the microtrap. When using TIF and TIF/MDCK II 
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spheroids, we estimated a cell area equal to the cross-section surface of the 

circular-shaped trap (diameter of 80 µm). For MDCK II spheroids, the total cell 

area was calculated by also considering the lateral contact surface between 

spheroid and microtrap in addition to the cross-section surface of the circular-

shaped trap. 
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5.1 Abstract 

Organ-on-a-chip systems constitute an emerging class of 3D models that 

aim to provide the right environment to mimic how cells work in human bodies. 

These chips are made of microfluidic chambers that are lined by cells. Media flow 

is continuously pumped through the chambers and mechanical stress can be 

applied to the tissues to simulate physiological process such as breathing. 

Impedance spectroscopy is a powerful technique to assess in vitro barrier tissue 

ionic selectivity. It is mainly performed using rigid metal electrodes placed in 

either side of the tissue. However, integration of these electrodes within a micron-

size chamber is challenging and brings the risk of cell damage and tissue 

contamination. Here we show the integration of organic electrochemical 

transistors (OECTs) within a blood brain barrier (BBB)-on-a-chip system to 

perform on-line impedance sensing of the BBB. 

5.2 Introduction 

Preclinical animal testing becomes more and more controversial and is 

expected to be substituted by predictive in vitro cell culture models to a large 

extent. One of the most commonly used in vitro models relies on the 2D culture of 

cells on static configurations. These models are cheap and easy to handle and have 

made significant advancements in biological research. However, they exhibit 

intrinsic limitations due to a lack of mechanical tunability and an inaccurate 

mimicking of cell microenvironment.
1
 As such, mechanical and biochemical cues 

coming from the native environment are mostly absent. To overcome these issues 
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and promote cell-cell and cell-matrix interactions, alternative 3D models are 

proposed such as microfluidic organ-on-a-chip systems.
2
  

Progress made in tissue engineering and microfabrication allowed the 

emergence of organ-on-a-chip devices that mimic functional units of a specific 

organ or tissue.
3
 These devices are composed by continuously perfused micron-

sized chambers that are lined by cells. Several organs-on-chips have been 

developed in the past few years, such as lung-on-a-chip array and vessel-on-a-chip 

system.
4,5

 Organ-on-a-chip devices have been bridged together to form a body-on-

a-chip system, which is able to mimic the complex multi-organ interactions. The 

field of organs-on-chips is fast developing toward a higher-level systemic 

function.
6
 However, few tools is available for the on-line characterization of these 

models. As a result, the integration of in-line monitoring systems with organs-on-

chips devices is in high demand.  

The transendothelial resistance (TER) is a powerful label-free technique to 

quantify ionic selective barrier properties in vessel-on-a-chip devices. The method 

usually uses two metal electrodes placed on either sides of the barrier tissue and 

connected through an electrolyte.
7
  A low voltage (kHz) is applied between these 

electrodes and the resulting current is measured. The design of an electrical 

equivalent circuit allows the extraction of the TER value. TER value increases 

with the ionic barrier tightness. The integration of metal electrodes with organ-on-

a-chip device is challenging. Tiny wires have been introduced into the channel but 

they pose the risk to damage the cell layer or bring contamination into the 

device.
8,9

 Electrodes have also been embedded into the poly-dimethylsiloxane 

(PDMS) structure.
10

 In that case, artifactual differences in measured resistance 

values can come from electrode size and distance from the cell layer.  

To solve these issues, the emerging field of organic bioelectronics proposes 

unique tools for barrier tissue resistance measurements.
11

 They present 

millisecond temporal resolution to detect barrier tissue disruption.
12

 These tools 

could also bridge the gap between rigid electrodes and soft tissues
13

. As an 

interesting tool, the organic electrochemical transistor (OECT) comprises a thin 

layer of conducting polymer that acts as the active material. The OECT is 

composed by three metal electrodes (source, drain and gate) in which the 

conducting polymer is deposited between the source and the drain to form the 
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channel of the transistor. The gate and the channel of the transistor are connected 

through an electrolyte. Poly(3,4-ethylenedioxythiophene) doped with poly(styrene 

sulfonate) anions (PEDOT/PSS) is commonly used as the active material due to 

its easy access, chemical tunability and biocompatibility. PEDOT:PSS solution is 

easy to process , which implies flexible OECT design for the integration into 

customized in vitro cell models such as organs-on-chips. The working principle of 

the OECT relies on the injection of ions coming from the electrolyte into the 

active area upon the application of a gate bias. The electrochemical doping/de-

doping state of the channel serves as an efficient ion-to-electron transducer. 

OECTs have been used for a range of applications including bio-sensing, in vivo 

brain recording activity and in vitro measurement of barrier tissue integrity. 

Similar to commercially available cell-based impedance sensing (ECIS, 

xCelligence), OECTs provide information on cell layer resistance and capacitance 

operating in an AC regime. Notably, OECTs are compatible with bright field and 

fluorescence confocal microscopy. OECT technology has already been 

successfully integrated into an organ-on-a-chip device to provide multi-parametric 

in vitro cell monitoring
14

. 

Here we demonstrate for the first time the integration of OECTs with 3D in 

vitro microvessels to study blood brain barrier (BBB) formation. We demonstrate 

that human cerebellar microvascular endothelial cells (hCMEC/D3) are able to 

form an ionic barrier when cells are cultured in a tubular configuration. In 

addition to this, we show that the OECTs can monitor faster changes in the cell 

layer resistance when cells are cultured in the channels compared to a planar 

configuration. This technology offers great promise to investigate in vitro BBB 

formation under physiological conditions. 

5.3 Results 

5.3.1 Engineering 3D fluidic brain microvascular network 

The design of a large majority of organ-on-a-chip devices published in the 

literature relies on soft lithography techniques using SU-8 resin to fabricate a 

silicon mold
15

. This mold shapes a PDMS layer that is permanently bonded to a 

stiff and flat substrate such as glass. This irreversible adhesion takes place 

following O2 plasma activation of both the glass and the PDMS, which allows 
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fluidic device to support long-term operation. In these devices, cells are cultured 

in monolayer on top of the glass substrate following the shape of the channel that 

is delimited by the PMDS. Fluidic devices allow the application of a flow shear 

stress i.e. mechanical stimulation on the cell layer.  

In the present work, we engineered the microvessel network via soft 

lithography technique in a type I collagen gel at 6 mg/mL
-1

.
5,16

 This collagen 

stiffness exhibits a modulus of about 200 Pa, which allows high reproducibility in 

the microvessel network structure. Contrary to previously described fluidic 

devices, we are using collagen to design the micron-size channels instead of 

PMDS. The native collagen presents the advantage to offer cell binding peptide 

domain such as GFOGER-domain and enables remodeling through degradation 

and deposition of extracellular matrix
17

. The design of the present organ-on-a-chip 

system proposes integration of deviations from the standard tubular-shape vessels 

(corners and bifurcations). Bifurcations have been shown as particularly fragile 

zones where local changes in shear stress could initiate changes in endothelial 

cells physiology and related impairments in barrier integrity
18

. Human brain 

microvascular endothelial cells (hCMEC/D3) were seeded into the fluidic 

structure to create an endothelialized lumen that is perfused by a gravity driven 

flow. The gravity driven flow is estimated to generate a low shear stress of about 

0-10 dyne.cm
-2

.
5
  

5.3.2 OECTs integration with organ-on-a-chip device 

In the present study, planar OECT are fabricated with both the transistor 

channel and the gate electrode patterned onto the same substrate through liftoff 

lithography. To insulate gold contacts and define active areas in the OECT, we 

use a thin parylene C (PaC) layer of ~2 µm, a derivative of poly(p-xylylene) 

presenting high mechanical and chemical stability and biocompatibility. In order 

to investigate the impact of cell seeding configuration on the BBB barrier 

formation, hCMEC/D3 cells were seeded on top of the microscope glass slide 

containing OECTs, with and without integration with the fluidic device. Figure 

5.1 shows an illustration of the fully assembled fluidic device with microvessel 

network design and integrated OECTs. hCMEC/D3 cells are seeded on the wall of 

the micron-size chambers. The proposed-platform is made of multiple 
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interconnected microchannels within which multiple OECT channels and gates 

are integrated on the bottom surface of the structure. Original fluidic channels 

defined lithographically should have a diameter of 100-150µm.  

To evaluate the impact of micron-size tubular shape configuration on 

hCMEC/D3 cell layer tight-junction formation, we proceeded to a fluorescent 

immunostaining against the tight junction adaptor protein zona occludens-1 (ZO-

1). Figure 5.1b shows a fluorescence image using ZO-1 antibody and fluorescent 

microscopy of hCMEC/D3 cells cultured in a 2D (left) and 3D (right) 

configuration. These images were obtained after maintaining the confluent 

monolayer during 5 days in EGM-2 media without vascular endothelial growth 

factor (VEGF). An increase in the fluorescent staining induced by the 3D cell 

culture configuration was observed compared to the 2D cell culture. The change 

in ZO-1 expression is more evident in the edge of cells, due to a protein 

relocalization from cell cytoplasm toward the tight-junction areas.  

 

Figure 5.1: Integration of OECTs within microvessel-on-a-chip device. a) 

(left) Graphical representation of the organ-on-a-chip platform cross-section 
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integrated with the OECT technology. (right) Top right, illustration of an OECT 
and the microvessel on top surrounded by collagen wall. Bottom right, top view of 
the microvessel networks and flow direction (black arrows). b) ZO-1 fluorescence 
image of a fully confluent layer of hCMEC/D3 after 7 days of culture in 2D model 
configuration (left) and 3D model configuration (right) (scale bar, µm).  

5.3.3 Blood brain barrier formation in 2D model vs 3D model 

Subsequently we evaluated the ability of hCMEC/D3 cells to form a 

selective ionic barrier in both configurations. The first experiment was performed 

in the classic, static configuration using a glass well to contain cell culture media. 

Figure 5.2a shows plots of the OECT transconductance (gm= ID/ VG) over the 

five days of cell barrier culture when applying a gate voltage of 50 mV over a 

range of frequency from 1Hz to 10 kHz. The electronic monitoring of the barrier 

formation was performed measuring the OECT as a 3-terminal device every 24 

hours after removing vascular endothelial growth factor (VEGF) from the media. 

Before addition of the cells, the cutoff-frequency of the OECT is ~900 Hz (black 

curve). Following hCMEC/D3 confluency, the cut-off frequency decreases 

gradually. This decrease is corresponding to the seal of the barrier by tight 

junctions and reaches a value of ~50Hz after 5 days. Figure 5.2b shows the time 

evolution of the frequency-dependent response of the OECT after culture of 

hCMEC/D3 cells in the fluidic device. After 3 days of cell barrier culture within 

the micron-size collagen structure, the cut-off frequency reaches ~40Hz, which is 

notably lower than the 2D configuration (~70 Hz).  

 

Figure 5.2: Electrical characterization of blood brain barrier ionic 

permeability. a) Typical time evolution of the OECT frequency-dependent 
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response during BBB cell barrier culture in 2D configuration. Confluent cell 
monolayer is maintained in culture for 5 days and OECT response is measured 
every 24 hours. Progressive sealing of the barrier by tight junctions induces a 
continuous shift in the OECT cutoff frequency from ~900Hz (dashed black line) to 
~50Hz (solid blue line). b) OECT frequency-dependent response after 3 days of 
cell barrier culture in planar static configuration (2D model) vs in microvascular 
network configuration (3D model).  

5.4 Discussion and Conclusion 

One of the main advantages of using OECT technology as a sensor for cell 

barrier impedance sensing is the possibility to integrate micron-sized electrodes 

with an organ-on-a-chip structure in a compact manner without impairing cell 

visualization. With the rapid expansion of organ-on-a-chip field and the associated 

biological complexification, there is an urgent need for the coupling of these 

biological devices with sensing platforms able to provide real-time barrier tissue 

sensing. 

Previously, the OECT technology has already been successfully integrated 

within a microfluidic platform. OECTs have been used as highly sensitive label-

free sensor based on multi parametric in vitro cell monitoring. The diversity of 

OECT applications within biological environment allowed the monitoring of 

several parameters such as impedance monitoring, metabolite sensing and wound-

healing assay. In the present study, we show that OECTs can be integrated into 

more complex fluidic systems where micron-size chambers are designed within a 

collagen gel. This device allowed the culture of brain microvascular endothelial 

cells in a 3D configuration while enabling substrate remodeling.  

As preliminary results, we clearly demonstrate in this study the ability of 

planar OECTs to be integrated into organ-on-a-chip devices and used as in-line 

sensors for ionic cell-barrier quantification. The formation of the BBB has been 

shown to be faster and tighter when cells are cultured in the 3D fluidic model 

compared to the conventional 2D cell culture configuration.  

Future projects will concentrate on culturing pericytes and astrocytes along 

the capillary wall or embedded into the collagen gel. This configuration will allow 

the reconstitution of neurovascular unit. This platform may be considered as a 

powerful tool for toxicological assays.   
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5.5 Material & Methods 

OECT fabrication and operation 

Thermally evaporated gold source, drain, and gate contacts of the OECT were 

defined on a microscope glass slide via liftoff lithography. Transistor channels of 

50 × 50 μm, and gate electrodes (2 × 2 mm) were patterned using a parylene C 

(PaC) peel-off technique as described previously
19

. PEDOT:PSS (Heraeus, 

Clevios PH1000, Hanau, Germany) conducting polymer was used as the active 

layer for the OECT channel and gate electrode. The conducting polymer 

formulation consisted of PEDOT:PSS, ethylene glycol (Sigma-Aldrich, St. Louis, 

MO, USA, 0.25 mL for 1 mL PEDOT:PSS solution), 4-dodecylbenzenesulfonic 

acid (DBSA, 0.5 μL mL− 1) and 3-glycidoxypropyltrimethoxysilane (GOPS) (10 

mg mL− 1). Before use of the OECTs, the microscope glass slides were soaked in 

de-ionised (DI) water overnight to wash away any unbound material from the 

OECT channel and gate. For the operation of the OECTs, a National Instruments 

PXIe-1062Q system was employed. A source-measurement unit NI PXIe-4145 

was used to bias the channel of the OECT (VDS), while gate potential was applied 

and controlled using an NI PXI-6289, a multifunction data acquisition module. 

For frequency-dependent measurements, output currents of the drain (Id) and the 

gate 

(Ig) were recorded using two NI-PXI-4071 digital multimeters. The bandwidth 

measurements were performed by applying a sinusoidal modulation at the gate 

electrode (ΔVgs = 50 mV peak-to- peak, 1 Hz to 10 kHz) while keeping a 

constant bias at the drain (VDS = − 0.4 V). Measurements parameters were 

controlled using a customized LabVIEW program. For fitting of the frequency 

dependent measurements, a MATLAB script was used to extract the cell layer 

resistance and capacitance as reported previously
20

. 

Microvessel network fabrication and operation 

Our organ-on-a-chip device was fabricated by the assembly of a flat bottom piece 

and a top piece. Both pieces were assembled using housing device made with 

poly(methyl methacrylate) (PMMA). Microscope glass slide containing OECTs 

was coated with type I collagen 0.1 mg.mL
-1

 during 1 hour at room temperature. It 

was forming the bottom piece of the device. The top part of the device showing 

microvessel networks were fabricated using native, type I collagen by molding 
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microstructures in collagen gels with injection molding techniques
16

. Briefly, 

PDMS stamps containing the network design were fabricated by standard soft 

lithography via SU-8 replica moulding. Type I collagen 6 mg.mL
-1

 were injected 

in between the PDMS mold and the upper part of the housing device. After 20 

minutes of incubation at 37°C, to allow collagen gelification, the PDMS stamp 

was removed. The bottom and the top part of the device where assembled using a 

housing device made with poly(methyl methacrylate) (PMMA). Prior the injection 

of collagen, the PMMA structure was coated with 1% Polyethyleneimine during 

10 minutes and then 0.1% glutaraldehyde during 30 minutes to optimize collagen-

PMMA attachment.  

Collagen gel for microvessel formation was prepared by mixing collagen 10 

mg.mL
-1

 (Ibico) with MEM 10X (Sigma) and endothelial growth medium-2 

(EGM-2) cell culture medium (Lonza). The pH of the collagen gel was neutralized 

using NaOH 1M solution.  

The fluidic system is created by the sealing together of the microscope glass slide 

and the collagen layer to form enclosed fluidic structure by applying pressure 

within the housing device.  

Cell culture 

hCMEC/D3 cells (human cerebellar microvascular endothelial cells) were gently 

donated by Pr. Nacho (Open University, UK). Cells were grown at 80% 

confluency in a cell culture flask coated with 0.1 mg.mL
-1

 and incubated with 

trypsin (0.25%) at 37°C for 1-2 min. The collected cells were resuspended in fresh 

EGM-2 media with 2.5% FBS to a final concentration of ~5 x 10
5
 cells mL

-1
 and 

then seeded on top of the microscope glass slide (2D model configuration) or 

inside the fluidic channel (for 3D model configuration) and let adhere for ~30 

minutes. After seeding cells were cultured under static condition (2D model) or 

under a gravity driven flow (3D model) for ~3 days in EGM-2 supplemented with 

0.025% VEGF to reach 100% confluency. Cells were then cultured additional 5 

days with media without VEGF to promote barrier maturation. Inlet reservoir was 

refilled every 12 hours while outlet reservoir was emptied in order to keep a 

gravity driven flow.  

ZO-1 immunostaining 
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Cells were fixed with 4% paraformaldehyde during 10 minutes at room 

temperature. After cells were blocked with a solution of 1% bovine serum 

albumin (BSA) during 30 minutes, cell membranes were permeabilized by rinsing 

the cell layer with 0.025% tween-20 solution. Incubation with primary antibody 

against ZO-1 (Thermofisher) protein happened overnight at 4°C. The secondary 

antibody (IgG-488, Thermofisher) was incubated 2 hours at room temperature. 

Samples were imaged using fluorescent microscope (Axio Observer Z1 Carl 

Zeiss).  
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6.1 Abstract 

The blood brain barrier (BBB) is formed by endothelial cells that constitute 

brain microcapillaries. The BBB regulates exchanges between the blood stream and 

the brain tissue. It ensures brain tissue homeostasis by providing nutrition and 

protection to neural cells. However, the BBB rejects most of the drugs for the 

treatment of neurological diseases out of the brain. 2D in vitro models of the BBB 

have been developed for drug screening, yet they usually lack cell-matrix 

interactions. It leads to a mismatch between and in vitro models and in vivo 

situation and wrong predictions in terms of drug efficiency and toxicity. 

Biomaterials have been developed to mimic BBB extracellular matrix (ECM) 

physico-chemical properties in vitro and improve BBB endothelial cells with its 

surrounding environment. Here we review materials used over the past decade to 

mimic BBB microenvironment features. We highlight three main types of in vitro 

models based on substrate degradability and the related cell culture dimensionality 

it offers.  

6.2 Introduction 

The Blood Brain Barrier (BBB) is localized at the brain vascular ending. It is 

formed by endothelial cells that fold on themselves to create a 10 µm diameter 

lumen. The BBB is a highly selective barrier that regulates ionic and 

macromolecule exchanges between the blood stream and the brain tissue. Contrary 

to the peripheral vasculature, BBB endothelial cells are non-fenestrated and exhibit 

low pinocytic vesicle concentration. Specific transporters line cell membrane and 

allow the BBB to act as a metabolic barrier. As such, influx transporters provide 
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water-soluble molecules needed in abundance by the CNS 10-100 times faster than 

predicted from their physicochemical characteristics.
1
 Efflux transporters both repel 

neurotoxic agents coming from the blood and clean the neural tissue by excluding 

waste molecules.
2
 As such, P-Glycoprotein (P-Gp) is a drug-transporter 

predominantly localized on the apical side that reject out of hand most of the large 

drugs (>400 Da). 

Apical junctional complexes bridge BBB cells to form a physical barrier the 

passive diffusion along the paracellular route. They are composed by tight-

junctions (TJs) intermixed with adherens junctions. TJs, mainly Claudins and 

Occludins, close the gap between neighboring cells and regulate ionic and solute 

paracellular diffusion. They act as gated channels that select molecule diffusion 

based on their size and charge. TJ proteins are connected to the cell cytoskeleton 

through cytosolic plaques, which zona occludens (ZO) is a main component. 

Together with claudin proteins they are often used as BBB tightness markers. More 

details about the molecular composition and organization of BBB adherent junction 

complex may be found here.
3
 The regulation of ion flow across barrier tissue is 

usually quantified by the trans-endothelial -epithelial electrical resistance (TEER) 

measurement. In vivo electrical impedance measurement was led for the first time 

in 1982 on a live frog. Two pairs of electrodes were introduced in an isolated brain 

capillary and the BBB TEER was estimated around 1900 Ωcm
2
.(Crone, 1982). This 

value is a gold standard in the field of cerebral vascular biology and it is now well 

accepted that TEER value is a way to quantified in vitro barrier tissue integrity. 

Then in vitro BBB models using human cells exhibited TEER values until 5000 

Ωcm
2
.
4
 

In the human brain, neural cells surround the BBB and provide structural 

support to the endothelial cells. Pericytes cover ~ 30% of the capillary wall and 

astrocytes end-feet enwrapped ~ 98% of the previous cell complex. Astrocytes 

and pericytes both strongly regulate BBB functions through the secretion of 

various mediators, which regulate transporters and TJ protein expression 
5,6

. All 

together with neurons they form the neurovascular unit (NVU). 
7–9

 

6.3 The demand for in vitro models of the blood brain barrier 
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The presence of both transmembrane transporters and junctional complexes 

along the BBB endothelial cells makes difficult the delivery of active compounds 

within the brain tissue. In particular, the P-gp drug transporters reject most of the 

drugs out of BBB endothelial cells, which renders drug accumulation in a relevant 

therapeutic concentration challenging. For some neurological diseases such as 

epilepsy, a reinforcement of BBB metabolic barrier property through P-gp 

accumulation was even observed at the seizure area.
10

  

A large number of central nervous system (CNS) diseases, including 

Alzheimer’s and Parkinson’s diseases, Amyotrophic lateral sclerosis and epilepsy, 

exhibit BBB dysfunctions, although the causal relationship is usually unclear. 
11,12

 

On one hand, agents secreted by  neural cells in pathological condition may 

impaired BBB functions. 
13

 As such,  pro-inflammatory mediators secreted by 

astrocytes during inflammation increased BBB permeability and support leukocyte 

infiltration.
14

 Matrix MetalloProteinases (MMPs) activated by pericytes during 

cerebral ischemia contributed to rapid and localized proteolytic degradation of the 

BBB TJs.
15

 BBB disruption was induced by neural cells during neurodegenerative 

disease progression.
16

 On the other hand, pathogenic agents circulating into the 

blood stream may induce BBB breakdown and the entrance of harmful components 

within brain tissue. As a result, a causal and temporal understanding of BBB 

impairment linked to neurological diseases may give rise to new therapeutic targets.  

Nowadays, the two main models used to study the BBB are animal models 

and in vitro cell models. Animal models, mainly rodents, are still widely used in 

the field of drug testing. They offer to preserve native mammalian matrix 

complexity as well as brain tissue structure. However, both cellular and matrix 

composition differ across organisms which ends up in a mismatch between human 

and animal models. 
17

 As a result, animal models are poorly predictive of drug 

efficiency and toxicity for humans. Almost 80% of animal drugs candidates fail in 

clinical trial due to toxicity high level and/or low therapeutic efficiency.
17

 In vitro 

cell models offer the possibility to culture cells from a human origin and mimic 

the human BBB in a controlled environment and performed drug screening and 

toxicology testing. However, both BBB cellular organization and matrix physico-

chemical properties are challenging to reproduce on the bench. Progress made in 

microfabrication techniques and tissue engineering led to the development of 
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relevant platforms able to respect cell-cell and cell-matrix interactions. The design 

of an ‘Ideal’ biomimetic substrate for in vitro BBB cell culture requires a deep 

understanding of matrix structure and molecular composition. 

6.4 Structure and molecular composition of the blood brain barrier 

matrix 

Brain extracellular matrix (ECM) is composed of the brain parenchyma (17-

20% of the brain tissue), the perineuronal network, which surrounds neurons, and 

the vascular basement membrane (BM). The latter separates microvascular 

endothelial cells from the underlying tissue. Four glycoprotein families compose 

the brain microvascular BM: collagen IV, laminins, nidogens and heparan sulfate 

proteoglycans (including perlecan and agrin). BM formation depends on the initial 

laminin network self-assembly. Then, nidogen and heparan form a bridge between 

laminin and collagen IV fibers to form a secondary network in which laminin is 

cross-shaped. 
18

 Brain microvascular BM consists of two entities that mainly differ 

by their laminin isoform biocomposition: laminin-111 and -211 mainly compose 

the endothelial BM, which separate endothelial cells and pericytes. Astrocytes 

secrete laminin-411 and -511 that compose the parenchymal BM, which surround 

brain vascular system (Figure 6.1).
2
 Structure and composition of the BM is 

necessary for maintenance of BBB functions in vivo. 
19–21
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Figure 6.1: Schematic representation of the neurovascular unit. Endothelial 

cells (ECs) form the blood brain barrier, in close contact with pericytes and 

astrocytic end-feet. The endothelial basal membrane (BM) separates ECs from 

pericytes and the parenchymal BM separate astrocytic end-feet from ECs and 

pericytes. ECs are bounded to the BMs through integrin-ECM interaction. 

Adapted from 
22

. 

The critical aspect of BM components for in vitro BBB development has 

been shown using synthetic cell culture substrates modified by absorptive protein 

surface coating. As such, perlecan strongly improved hCMEC/D3 cell adhesion 

and TJ protein expression 
22

. Agrin modulated TEER value in a cell origin-

dependent way: it increased hCMEC/D3 TEER ~1.5 times compared to controls 
22

 

while prevented iPSC-derived human brain microvascular endothelial cells 

(BMECs) barrier formation.
23

 BMECs express all major basement membrane 

proteins when cultured on a porous membrane. It suggests the ability of these cells 

to recreate in vitro, part of their native microenvironment. Protein secretion was 

enhanced by co-culturing murine BMECs with pericytes.
24

 The structural and 

biochemical critical aspects of BBB BMs components are summarized in Table 

6.1. 
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Table 6.1: Overview of the blood brain barrier basal membrane composition: 

structural organization and interaction with microvascular endothelial cells 

22
. Endothelial cells (ECs), Pericytes (Ps) and Astrocytes (As) 

BM 

component 

Matrix 

structural 

role 

Impact on in 

vitro BBB 

functions 

Cellular origin 

Collagen 

IV 

 

BM 

assembly 

and 

stabilizatio

n 

 

Increases 

claudin-5 

expression  

ECs, Ps, As 

Fibronecti

n 

(transient 

expression

) 

BM 

assembly 

Affect 

barrier 

properties 

and integrity 

ECs, Ps, As 

Laminin 

411, 511, 

111, 211 

BM 

assembly 

and 

stabilizatio

n 

Cellular 

polarization 

Claudin-5 

localization 

 

ECs, Ps, As 

Nidogen 
BM 

structure 
 ECs 

Agrin 

 

Anchors 

ECs and As 

to BM 

Increases 

Occludin 

expression 

and stabilize 

VE-cadherin, 

b-catenin and 

ZO-1 

ECs, As 

Perlecan 
Cell-cell 

interaction 

Increases 

occludin 

expression 

ECs 

  

Brain parenchyma is an ultra-soft and elastic tissue with an elastic modulus 

between 0.1-1 kPa.
28

 However, there is little information about brain BM 

mechanical features, probably due to the difficulty in obtaining BM preparations 

free of adjacent interstitial connective tissue. BM from other tissue in the body 

revealed an elastic modulus in the range of MPa.
29

 Vascular endothelial cells and 

in particular BBB endothelial cells pursue mechanical stimulation from their 
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surrounding microenvironment. As such, both shear stress, coming from the blood 

flow, and matrix elasticity generate mechanical cues and BBB endothelial cells 

respond to it through a mechanotransduction process. Then, BBB endothelial cells 

exposed in vitro to a physiologically relevant shear stress of 10 to 20 dyne.cm-2 

were forming a tighter barrier by upregulation of TJ expression compare to the 

control.
30,31

 Shear stress impact on in vitro BBB functions has been widely 

reviewed by 
32

. However, matrix biomechanical impact on the BBB functions has 

been poorly investigated (Figure 6.2).   

 

Figure 6.2: Selected History of in vitro BBB Models; References: 
23–25,32–34,36,58–

65,65–87
. 

6.5 2D blood brain barrier models 

6.5.1 Porous, non-degradable material for 2D blood brain barrier 

models 

2D models rely on the culture of cells on top of synthetic non-degradable 

substrates. Among them, PolyCarbonate (PC) or PolyEsther Terephthalate (PET) 

semi-permeable membrane are widely used to model the BBB in vitro for drug 
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screening. Transwell® systems offer the possibility to culture cells on each side of 

10 µm thick porous membranes and establish multi-cell type culture configurations. 

As such, co- and tri- culture configurations were established to investigate cross-

communication between endothelial and neural cells in healthy and disease 

models.
35

 5-days co-culture of human cerebellar microvascular endothelial cells 

(hCMEC/D3) with astrocytes or pericytes increased BBB TEER value by about 1.5 

fold compare to the monoculture model.
36

 The tri-culture of primary rodent brain 

microvessel endothelial cells (BMECs) with astrocytes and neurons significantly 

increased expression of BMECs P-gp and ZO-1 proteins compare to mono- or co-

culture models.
37

 Transporters secretion by human iPS-ECs increased by co-

culturing all-human primary astrocytes, pericytes and iPS-derived neural stem cells 

(NSC) at the bottom of the well.
38

  

The ‘direct contact’ co-culture configuration where endothelial cells are 

cultured on top of astrocytes monolayer has shown to BBB permeability compared 

to the conventional configuration. 
39,40

 

Pore diameter of Transwell® usually varies from 0.4 µm to 8 µm, which is 

adapted for the diffusion of proximal soluble growth factors between cells cultured 

on either side of the filter.
41

 Astrocytes cultured on the basal side of the membrane 

were able to partly migrate across the pores when diameter exceeds 3 µm. They 

established cell-cell contact with the apical EC monolayer.
42

 However large pores 

also promote the risk of endothelial cell migration across the membrane leading to a 

non-physiological double cell layer formation. This issue was overcome by 

adopting a ‘dry-bottom’ cell seeding configuration.
42

 

Semi-permeable membranes have also been integrated into microfluidic 

platforms to evaluate shear stress impact on BBB functions. The membrane makes 

the physical separation between two channels in which culture media and the flow 

rate are controlled independently.
43

. The use of traditional semi-permeable 

membrane allows comparison with conventional transwell models.
44

 Then, by 

applying a shear stress of 0.15 dyne.cm
-2 

on hCMEC/D3 monolayer, the TEER of 

in vitro BBB increased by ~1.5 folds compared to the static device.
45

 Collagen gel 

with astrocytes embedded can be used to fill the lower channel of the device 
46

. In 

some models, ECs line all or part of the vascular microchannel instead of covering 

only the filter, adding a 3D spatial configuration to the capillary-like structure. 
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PDMS-based devices, which integrate photolithography design of porous substrates 

for ECs culture are an alternative to the use of porous membranes and bring the 

possibility to include curvature to the capillary-like structure
47

.  

Substrate porosity is important to mimic the tortuous shape of the BM. 

Partial track etching technique is traditionally used to generate pores for semi-

permeable membrane. However, this technique proposes random pore location 

with a low pore density (7% maximum). Microfabrication techniques were used to 

design pores with improved regularity and higher density into a range of 

materials, including silicon or resin-based membrane (Figure 6.3, Table 6.2). As 

such, 0.5 µm thick silicon substrates reached 20 % to 50 % porosity using electron 

beam photolithography.
48

 SU-8 resin (elastic modulus GPa
49

) based ultra-porous 

microtubule has been designed using two-photon lithography.
50

 Murine brain-

derived EC.3 (bEnd.3) in co-culture with U87 glioblastoma cells on top of these 

10 µm diameter microtubules decreased EC permeability to dextran. 

 

Figure 6.3: Porous non degradable substrate for 2D BBB models. a) SEM 

images of a 0.4µm pore diameter PET semi-permeable membrane (left) and the 

associated cell scheme b) SEM image of bioinspired microcapillaries made of SU-

8 using two-photon lithography technique to design 1µm pores. c) SEM image of 
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an SiN porated membrane with a pore size of 0.6µm. The image illustrates 

astrocyte extensions projecting through the pores. Adapted from 
44,46

. 

Table 6.2: Porous non degradable substrates for 2D BBB cell culture. n.d 

means ‘no data’. 

Most of these substrates exhibit a high elastic modulus including glass 

substrate (GPa) and (MPa), which is much higher than biological tissues (0.1-500 

kPa). The Young’s modulus of porous PET membranes is about 180 MPa 
51

, which 

is 3 orders of magnitude higher than brain tissue (kPa). However, a recent study 

revealed substrate pore density and diameter as key parameters to regulate 

mechanical sensing of the substrate by endothelial cells 
52

. By decreasing the pore 

size and increasing pore density, ECs adopt a similar behavior to cells cultured on a 

soft substrate of kPa range in terms of number of focal adhesions (FAs) and TJ 

expression (Figure 6.4). The staining of cell FA over pores, lead to the hypothesis 

that ECs, when cultured on top of a disrupted surface, are able to generate ECM 

fibrils that span the pores and overcome contact area confinement. The close 

proximity of pores should result in many cell-matrix interactions occurring over 

open pore region leading to more physiological sensing of ECM stiffness. These 

observations are in accordance with previous papers, which noticed that murine 
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BMECs cultured on top of a 0.4 μm Transwell membrane exhibited the highest 

TEER value in comparison with 1, 3 and 8 μm membranes 
53

.  

 

Figure 6.4: Representative image of ZO-1 tight junction proteins after 4 days 

of culture on nonporous, 3.0 and 0.5 µm pore diameter SiO2 membranes, 2 

MPa (stiff) and 5 kPa (soft) PDMS substrate. Adapted from 
48

. 

These recent studies highlight the ability of matrix stiffness to modulate 

endothelial barrier permeability through mechanotransduction signaling, 

suggesting the importance in including this parameter in in vitro BBB tissue 

modeling. In the next sections, we will present new materials developed in the 

past 5 years with improved physical properties to approach cell-matrix 

interactions found in vivo. 

6.5.2 Matrix modeling as an important feature for vascular function 

As more generally for ECM, the brain BM corresponds to a fibrous network 

of entangled proteins that contains specific peptide sequences, which interact with 

cellular integrin’s. It makes the matrix an adhesive substrate for cell attachment and 

migration while providing cells with topographic, elastic and structural cues. The 

brain BM exhibits a thickness that varies from 20 to 200 nm, which retains soluble 

factors secreted by surrounding astrocytes and pericytes, such as transforming 

growth factor-b (TGF-b) and Wnt, and generates diffusion gradients.
26,27

 These 
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soluble factors are progressively delivered to vascular endothelial cells during 

matrix remodeling. 

BBB dysfunctions were linked to changes in ECM mechanical properties that 

might be due to an extensive matrix remodeling.
10,33,34

 It suggests the importance of 

cell-matrix remodeling and matrix physical properties to maintain BBB integrity. 

Following these observations we have chosen to classify BBB in vitro models 

based on matrix remodeling property and cell culture dimension. We will first 

present 2D cell model of BBB growing on flat stiff substrates. Brain endothelial 

cells individually embedded into a degradable biomaterial gave rise to 3D cell 

model where cells receive matrix cues in a 3D configuration. As an intermediate 

configuration, 2.5D cell model are made of degradable matrix are lined by a 

monolayer of brain ECs.   

Brain microvascular endothelium receives information from the surrounding 

environment via bioactive soluble mediators and mechanical forces through cell–

cell and cell-matrix interactions. Contrary to biochemical cues and shear stress, 

which have been extensively integrated as key parameters to regulate in vitro BBB 

integrity and functions, the participation of ECM biomechanical cues, including 

substrate stiffness, have been under-investigated in the field of BBB modelling 

(Figure 6.2). However, in cellular microenvironments that may be locally saturated 

by soluble factors, cells receive key information coming from the surrounding 

matrix through mechanical transmission from the matrix into the cells. Indeed, local 

ECM physical properties changes due to an extensive matrix remodeling have been 

suggested as one of the key parameters implied in BBB dysfunction 
10,33,34

.  

The field of biological mechanosensing suggests that cells are able to sense 

and react to mechanical stimulation coming from their surrounding environment 

through actin stress fiber (SF) mechanotransduction. SFs are actin microfilaments 

bundles assembled through actin-myosin interactions to form an organized 

intracellular network. Some SF ends, mainly ventral SFs, are connected to focal 

adhesions (FAs) by proteins such as zyxin and vinculin. FA are protein complexes 

that form anchorage points between the cell and the surrounding matrix and hence 

enables mechanical forces to be transmitted into and out of the cytoskeleton of the 

cell. This force transmission has been shown to impact SF reinforcement, cell 

reorientation and to be critical for many cellular functions including 
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morphological stability, adhesion and motility 
54,55

. Pulmonary ECs grown on 

three different grades of stiffness -very low (0.55 kPa), physiologically relevant 

(8.6 kPa), and very high (42 kPa) show an increase in stress fiber formation going 

hand in hand with increasing substrate stiffness 
56,57

. The role of mechanical 

stimuli from the ECM to which cells attach, is gaining more interest with respect 

to the regulation of EC barrier properties. VE-cadherin seems to be part of an 

activated downstream mechanotransduction signals generated by substrate 

stiffness able to regulate FAs size, number and remodeling 
58

 directly implicated 

in cell contractility and gap formation in between adjacent cells. Increase in stress 

fiber density might produce a tensile force in the cell, able to pull proteins of the 

Adherens junction complex away from the cell surface inward toward the center 

of the cells. In contrast, soft substrates (kPa) were observed to be correlated to 

enhance in endothelial barrier properties. It may be due to a recruitment of VE-

cadherins at junctional complexes and a shift from actin stress fibers to cortical 

actin that reduces tensile forces at VE-cadherin 
59

. These observations are in 

accordance with a recent study suggesting a role of gap junction-mediated cell–

cell interaction in the regulation of EC stiffness 
60

. The molecular mechanism 

underlying barrier function modulation by substrate stiffness is excellently 

reviewed by 
61

. 

6.6 Degradable biomaterials as a matrix design element for 2.5D 

blood brain barrier models 

6.6.1 Decellularized in vitro-secreted extracellular matrix 

Given the complexity of ECM composition and structure combined with our 

incomplete understanding, designing a biomimetic material that fully mimics the 

architecture of the native tissue ECM are not currently possible. Decellularized 

ECM has already been shown to provide valuable insights for tissue engineering 

as it retains a native-like structure and composition. It is mainly obtained from an 

extracted tissue from which cellular components have been removed without 

impairing the microstructure of the matrix. Sliced brain sections can be 

decellularized, and this decellularized ECM can be used as the substrate for the 

three-dimensional (3D) culture of neural stem cells (NSCs) 
91

. However, due to 

the very small diameter of the BBB structure and the complexity of cellular 
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organization, decellularization of the tissue by removing all cellular components 

is currently technically not possible. Thus, protocols to isolate decellularized 

ECM secreted by pericytes, astrocytes or endothelial cells in vitro have been 

developed 
63

. The TEER of primary porcine brain endothelial cells was increased 

three-fold when the barrier was formed on pericyte-secreted ECM compared to 

endothelial-secreted ECM. A more complex model consisting of culturing each 

cell type a second time on a previously cell-secreted ECM for ECM remodeling 

and complexification enable them to reach more in vivo like ECM showing 

suprastucture organization (Figure 6.5). Pericytes cultured on astrocytes-secreted 

ECM remodel the substrate to produce honeycomb-like structures containing 

fibronectin and collagen IV, which improved Claudin-5 expression by endothelial 

cells of about two-fold compare to the endothelial ECM 
63

. It should be noticed 

that this in vitro cell-secreted ECM employed in this study do not reflect the 

normal BM as they express high amounts of fibronectin, which is not an integral 

component of the normal endothelial basement membrane 
92

. Therefore, 

improvements in BBB function do not necessarily correlate with the in vivo 

situation. 

 

Figure 6.5: Decellularized cell secreted-ECM in vitro. a) In vivo-like matrix 

produced by porcine astrocytes and pericytes on stiff (GPa) non-porous substrate 

b) and densitometrical expression of Claudin-5 TJ protein by porcine brain 

capillary endothelial cells. Black arrowheads show antibodies against Collagen 

IV and white arrowheads show antibodies against fibronectin. 
59

. 

6.6.2 Electropsun membranes 
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Traditional semi-permeable membranes usually lack the ability to mimic 

fibrous architecture of BBB native matrices, which influence tissue structure and 

functions. Electrospinning enables nanofibers production of synthetic or natural 

biopolymers. The technique consists in forcing a polymeric solution to go through 

an electrostatic field to generate fibrous networks. Fiber diameter varies from few 

nanometers to more than a micrometer. Electrospinning is a versatile and relatively 

inexpensive approach to create scaffolds that approach native ECM architecture.  

Human brain microvessel endothelial cells (HBMECs) cultured for 21 days 

on a Gelatin-based electrospun scaffold, so called ‘biopaper’, formed a less 

permeable barrier compare to the ones cultured on PET membrane (Figure 6.6a).
67

 

HBMECs have also been co-culture with primary human astrocytes during 28 days 

on this 4.5 µm thick ‘biopaper’ showing an upregulation of gene expression 

associated with extracellular matrix and TJs compare to PET membranes.
93

 Fiber 

diameter and degradability is tuned by the amount of gelatin and the ratio 

gelatin/crosslinker agent. Also gelatin fibers can be tuned by 
94

. 

Synthetic polymer poly(lactic-co-glycolic) acid (PLGA) were electrospun to 

form cell-degradable nanofibrous meshes. Endothelial cells derived from human 

iPSC were co-cultured with astrocytes to form an in vitro BBB model (Figure 

6.6c).
95

 

Co-polymer electrospun scaffold for brain ECs in tri-culture with pericyte and 

astrocytes were fabricated using polycaprolactone (PCL) mix with polyethylene 

glycol (PEG) to increase cell-degradation profile (Figure 6.6b).
96

 This 5.8 µm thick 

fibrous membrane proposes fiber architecture and pore structure tunability. PCL 

presents mechanical support to wound healing 
97,98

, however it shows a low cell-

degradation profile
99

, poor brain ECs growth and low coating molecule adhesion.
96

 

These scaffolds replaced the traditional PET membrane in transwells to 

culture BBB endothelial cells (Figure 6.6) and provided superior porosity and cell 

remodeling. These new transwells are compatible with traditional barrier tissue 

characterization tools which makes easier the comparison with non-degradable 

semi-permeable membrane.  
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Figure 6.6: Electropsun membrane for BBB 2.5D model. a) SEM images of 

electrospun membrane using natural or synthetic polymers as labelled and b) 

associated PECAM-1 (red staining) (i) or Live/Dead (green staining) (ii) images 

of human brain endothelial cells cultured on the respective substrates. Adapted 

from 
63,95,96

. 

6.6.3 Hydrogels 

One of the major advancements in the engineering of ECM based 

biomaterials is the possibility to form ECM hydrogels. Hydrogels are composed by 

polymers hydrated with more than 30% (v/w) of water content. They are usually 

made of natural (alginate, collagen, elastin or HA) or synthetic (PEG) polymers, 

which maintain their structural integrity through crosslinking between the 

components. Hydrogels are compatible with a variety of new fabrication 

technologies including 3D printing, micropatterning and electrospinning. 

Hydrogel membranes have been fabricated using using synthetic or natural 

polymers to replace the traditional semi-permeable membrane in a transwell model. 

As such, PEG solution was combined with a zinc oxide to form a porated hydrogels 

for BBB modeling.
100

 Tri-peptide sequences Arg-Gly-Asp (RGD), from 

fibronectin, were integrated within PEG polymer to make it bioactive. Compared to 

PET membrane, this hydrogel membrane offers two-fold decreased pore diameter 

and one order of magnitude increased pore density. The Young’s Modulus is ~100 

kPa and can be tuned by changing PEG molecular weights without impacting either 

pore diameter or membrane thickness. Human umbilical vascular ECs (HUVECs) 
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cultured on the membrane exhibited less cell spread and increased VE-cadherin 

width. When co-cultured with pericytes, HUVECs allowed a functional vascular 

monolayer to be formed.
51,100

  

Collagen gel vitrification technique was used to produce ~100 µm thin 

hydrogel membrane.
101

  Polymerized collagen was combined with Matrigel using 

transglutaminase to modulate EC attachment and growth. Alginate was used as a 

porosity agent to tune pore diameter from 250nm to 700nm within the membrane. 

Membrane Young’s Modulus was tuned by changing the ratio between collagen 

and Matrigel and allowed to vary from 429 kPa to 660 kPa. Considering the fact 

that Matrigel is mainly composed of globular proteins, the change in stiffness is 

likely due to the reduction in fibrous collagen, rendering the membrane more 

compliant 
101

.  

Figure 6.7 and Table 6.3 propose to recapitulate previously described new 

materials used to replace the traditional semi-permeable membrane in a Transwell 

configuration.  

 

Figure 6.7: Strategies to move from 2D to 2.5D cell culture systems in a 

Transwell configuration.  
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Table 6.3: Biomaterials used to replace porous membrane for 2.5D model 

63,95–97
 n.d. means ‘no data’. 
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Organ-on-a-chip systems propose the culture of cell within micron-size chambers 

that are continuously perfused.
102

 In some models of the blood brain barrier, brain ECs 

line the wall of the chamber that is made of collagen type I hydrogel. Collagen low 

Young’s Modulus (kPa) and inherent GFOGER sequences make it one of the favorite 

biomaterials candidates to mimic ECM in BBB-on-a-chip systems.
103

 hiPSC-derived 

brain microvascular ECs barrier was improved by adding Arg-Glu-Asp-Val (REDV) 

from fibronectin and Ile-Lys-Val-Ala-Val (IKVAV) from laminin.
104

  

Lumen design for BBB-on-a-chip devices is made using both photolithography 

and phase guide technique to separate liquid from the hydrogel. Then, brain ECs are 

cultured on the wall of the chamber, which is composed by an assembly of several 

materials including collagen gel, PDMS and glass (Figure 6.8a). 
76,105

 As an alternative 

strategy, lumens were formed inside the hydrogel using viscous fingering technique or 

removing of needles. In that respect, cells seeded into the lumen sense the same 

surrounding material (Figure 6.8b) 
74,75

. Channels have been designed within a collagen 

gel using gold nanorods and near-infrared laser beam to thermally denaturized the 
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protein. bEnd.3 cells were encapsulated into the collagen and allowed to migrate and 

elongate in tubular structure to form in vitro BBB vessels. Channel diameter was tuned 

from 9 to 180 µm by changing laser power and writing speed.
106

  

Multicomponent hydrogels were fabricated to mimic physico-chemical properties 

of the native tissue. As such, HBMEC were cultured on top of a collagen gel mixed 

with hyaluronic acid and Matrigel.  The latter was necessary to induce barrier 

formation. 
107

 Matrigel is a tumor-derived ECM cocktail composed by ~60% laminin, 

~30% collagen IV, ~8% entactin and proteoglycans with additional GFs). It differs from 

the native basement membrane by the lack of matrix microstructure.  

Brain parenchymal cells were embedded within organ-on-a-chip hydrogel to 

create a NVU-on-a-chip system. Astrocytes embedded into collagen hydrogel were 

allowed to 3D spread. Contrary to 2D configuration, astrocytes cultured in 3D models 

kept a quiescent phenotype closer to the in vivo situation.
107

  It also enabled astrocytes 

and pericytes to remodel collagen and migrate close to the brain ECs to reform an 

NVU-like cellular organization. The presence of pericyte surrounding ECs vessel-like 

structure promoted ECs polarization through an increase number of ECs basal focal 

adhesions (FAs). 
90

 It also increased secretion of BM component such as collagen type 

IV in between ECs and both astrocytes and pericytes. 
74

,
90
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Figure 6.8: BBB-on-chips strategies. Adapted from 
70,101

 

Organ-on-a-chip systems are particularly adapted to mimic in vivo-like 

mechanical cues coming from the surrounding environment, including cell 

curvature and laminar flow. Then, vessel-like network containing bifurcations 

highlighted local changes in shear stress at the deviation point. ECs physiology 

was particularly fragile in this area, showing impairments in barrier integrity.
108

 

Tubular shape structure made into viscoelastic hydrogels allowed the introduction 

of a physiological cyclic stretch varying from 0% to 8% as a mechanical stress 

regulating hCMEC/D3 cell barrier functions 
80

. Peripheral ECs stress fiber and FA 

rearrangements were associated to the mechanical strain of pulsatile flow. 
109

 This 

parameter was included into several vessel-on-a-chip systems 
110

.  

6.7 3D microvascular blood brain barrier models 
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In the first stage of BBB development, endothelial progenitor cells invade the 

embryonic endothelium. This communication with neural cells triggers the BBB 

sprouting and barrier function development.
111

 The study of EC behavior in 

constricted environments is particularly relevant to underline parameters linked to 

cell invasion mechanism and vascular network formation. In 2D and 2.5D 

configurations, the contact between cells and the matrix only happens at the basal 

side, which forces cells to polarize. 3D cell models offer the possibility to cultured 

brain ECs into the matrix, so cells spread and establish FAs in a 3D 

configuration.
112

 

6.7.1 General information about endothelial cell sprouting 

ECs embedded into a matrix-like hydrogel and activated by angiogenic 

growth factors such as Vascular Endothelial Growth Factor (VEGF), were allowed 

to migrate and sprout.
113

 Sprout formation corresponds to branch expansion from 

the main vessel. They are composed by tip cells that lead the sprouting direction 

and stalk cells that follow tip cells and multiply to form the vessel. Tip cells define 

the path of neovascularization while the following stalk cells establish a nascent 

lumen by remodeling the matrix 
114

. The issue of how stalk cells support sprout 

elongation is still unclear, however, a general assumption is that a sprout elongates 

as the stalk cells proliferate. The all structure is pulled by tip cells. Maturing sprouts 

fuse with neighboring sprouts to form capillary loops. During sprouting, ECs 

remodel considerably the BM through mechanical and chemical interactions.  

Matrix metalloproteinase proteins (MMPs) expression co-localize with cell 

lamellapodia. They might participate to EC sprouting by cleaving collagen fibers. 

However, due to a lack of suitable reagents it is not possible to precisely localize 

most of the MMPs within the tissues. It makes thus difficult the understanding of 

their role in ECM remodeling. An exception to this is for gelatinases MMP-2 and 

MMP-9 for which activity is detected in vivo using gelatin zymography.  During a 

stroke, MMP-9 may be secreted by ECs, neurons and astrocytes to remodel brain 

ECM and facilitate migration of neuronal precursor cells toward the damaged area. 

115
 MMP-2 and MMP-9 were also implicated in many diseases of the central 

nervous system (CNS) including neuro-inflammations and epilepsy. They degraded 

BBB tight junctions, inducing capillary leakage and immune cells extravasation 
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into the brain tissue.
10

 A recent study also revealed the contribution of MMP-2 and 

MMP-9 secreted by pericytes during ischemia in the BBB proteolytic 

degradation.
15

  

ECM stiffness may govern capillary morphogenesis by increasing 

mechanical tension on cell adhesion receptors. 
116

 Collagen matrix deformation 

during the early stage of in vitro HMVECs sprouting was tracked using particle 

image velocimetry techniques. The study revealed a strong cell-matrix mechanical 

interaction occurring by a “pull” and “released” tip cell behavior. The “pull” 

behavior leads to collagen fiber reorientation along lamellipodium long-axis and a 

decrease in collagen fiber density in the frontal region. The inherent changes in 

matrix stiffness might facilitate cell migration throughout the matrix, while serve 

as ‘contact guidance’ for cell-migration.
117

 Thanks to their viscoelastic property 

collagen fibers return to their original positions when they are released. Dynamic 

changes in fibrin matrix stiffness during HUVEC sprouting have been shown 

using active micro-rheology technique. Bulk mechanical properties changes were 

mainly attributed to the presence of co-cultured fibroblasts. Yet, HUVECs were 

also progressively stiffening the surrounding ECM by both applying traction 

forces and depositing matrix components.
118

 

6.7.2 Biomaterials for blood brain barrier vasculogenesis 

It exists several ways to induce brain ECs sprouting in vitro. One of the 

techniques consists in seeding cells on the lateral side of a matrix, which is isolated 

between two microfluidic channels.
85

 As another strategy, ECs that line tubular 

shape of vessel-on-a-chip devices may form lateral sprouting into the hydrogel.
90

 

Endothelial cells have been cultured in synthetic and natural polymers to form in 

vitro BBB, such as fibrin, collagen and polyethylene glycol (PEG).  

Fibrin is the major component of the provisional matrix on a blood clot which 

justifies its suitability for investigating vasculogenesis 
119

. HUVECs were cultured 

into fibrin hydrogel and vessel formation was correlated with matrix elasticity and 

fibrin fiber density.
120

 The mechanical interactions that occur when pericytes wrap 

around ECs might stabilize HUVECs capillaries while promoting vascular 

junctions and branches 
121

. HUVECs co-cultured with both astrocytes and neurons 
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formed vascular system with barrier properties. The vascular/astrocytic overlap was 

improved by the addition in the fibrin hydrogel of a VEGF-A gradient.
66

 Matrigel 

mixed with fibrin hydrogel promoted hCMEC vasculogenesis as well as neurite 

extension from neural stem cells (NSCs).
85

 In that study, the presence of neurons 

and pericytes were required to prevent gel shrinkage over vascular development.
85

 

Collagen type I is one of the major component in most of the tissues. 

However, its concentration in brain parenchyma is very low. Collagen fibrils self-

assemble and crosslink at neutral pH to form a matrix for cell culture. Many 

fabrication parameters have been reported to influence fiber structure and gel 

mechanical strength, including collagen source, solubilization, concentration, 

polymerization temperature, pH and ionic strength 
122

. The change in collagen 

concentration required to form the hydrogel is associated with a change in fibril 

density. For low collagen concentration forming more compliant matrices, we 

observed a sparse distribution of collagen fibrils with a low degree of entanglement 

and large mesh size. Increasing the collagen density increases the entanglement of 

fibrils, resulting in smaller mesh sizes of the gel. The increase in matrix fibril 

density is associated with a change in the ratio of proliferating cells compared to 

migrating cells. By increasing collagen fibril density to a critical value (2.7 mg/ml), 

hMVECs are no longer able to elongate and penetrate into the ECM to sprout 
123

. 

Collagen gel alone or in combination with other materials, such as fibrin gels or 

Matrigel, was successfully employed within microfluidic devices to study 

microvascularization process. Collagen I hydrogels can be fabricated reliably with 

controlled microstructure depending on the utilized isolation and gelation protocols. 

By decreasing the gelation temperature of collagen hydrogels from the usual 37°C 

to 4°C, collagen fibers are longer and thicker (150 nm), which can be explained by 

a limitation in nucleation of new fibers in case of lower temperature (Figure 6.9). 

The decreased entropy promotes thickening and elongation of already existing 

fibers. The inclusion of Matrigel into the collagen gel pronounced these differences 

by providing collagen nucleation sites. The presence of collagen type IV from 

Matrigel, combined with fibronectin, laminin and perlecan support the self-

assembly of collagen IV in a mesh-like network. By lowering the casting 

temperature of collagen I and Matrigel, interactions between collagen fibrils and the 

linkers is prolonged, promoting the formation of thicker and longer collagen fibers. 
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If the biochemical factors coming from the addition of Matrigel were more 

impacting hCMECs growth than hydrogel microstructure itself, the increase in fiber 

length and thickness to the Matrigel-contained hydrogel, promote the development 

of thick, lumenized ECs branches. Differences in fibers size likely contribute to 

enhance EC contractility and the transmission of mechanical force along the fiber 

among neighboring cells might provide contact guidance for vascular network 

development. This microstructure also improves the deposition of Collagen IV by 

hCMECs. Similar results are observed with HUVECs cells 
77

. 

 

Figure 6.9: Hydrogel composition and casting conditions impact collagen 

fibrillary structure. a) Scanning Electron Microscopy micrographs of cell-free 

hydrogels prepared by cold (CC) or warm (WC) casting in the presence (M) or 

absence (NM) of Matrigel. Scale bars are 50 μm and 1 μm, respectively. Image 

analysis of SEM micrographs indicated that collagen fiber. b) Confocal 

micrographs of hCMEC cultures suggest that hydrogel composition and casting 

conditions influence vasculogenic network assembly. Blue is DAPI and red is 

phalloidin. Scale bars are 50 μm. c) length and d) diameter increases with 

decreased casting temperature; effects were enhanced in Matrigel-containing 

hydrogels. 
74

.  

PEG: Synthetic PEG hydrogel containing MMP-degradable peptide and 

CRGDS peptide sequence for cell adhesion was used to seed human pluripotent 

stem cells-derived NPCs, ECs and MSCs for NVU tissue reconstitution 
124

.  

6.7.3 3D pinting bioinks 
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A promising area for development of neurovascular unit model is their 

biofabrication through 3D printing, to produce a multicomponent scaffold 

combining different cell types. Bioprinting is defined as the process of patterning 

cell suspensions embedded within a biocompatible material with a hierarchically 

defined 3D spatial organization. Biofabrication of a tissue-engineered 3D NVU 

model utilizing hydrogel based bioinks with specific spatial distribution of the 

different cell types and combination of the normal and diseased NVU cellswill 

allow precise dissection of the contribution of each cell type to the disease-specific 

dysfunction. There are many different biopolymers that can be developed into 

bioink to form a hydrogel matrix for cells. These range from natural 

polysaccharides, which are either native constituents of the ECM or mimic the 

native ECM. Ideally the hydrogel will allow cells to secrete and deposit their own 

native ECM, thus potentially replicating the physiological role of the native tissue 

ECM. Soft bioinks, which reproduce mechanical properties of the brain ECM 

(around 1kPa) tend to print with lower resolution than those with higher yield stress 

and stiffness.  

A common strategy to functionalize hydrogels for NVU-bioprinting 

purposes is to combine two biopolymers to produce a blended hydrogel-based 

bioink, with the advantageous properties of each polymer contributing to the 

favourable NVU properties required. Collagen-based hydrogels have been 

created: although collagen has an inherent GFOGER adhesion domain, collagen 

hydrogels typically lack the physical properties to be used as a bioink (slow 

gelation times). Collagen has been used to create mixed hydrogel-based bioinks 

with various other matrices such as agarose, gelatin, methacrylate, alginate and 

Matrigel, altering shear thinning properties to create an effective bioink for NVU 

cell culture. Detailed analyses of bioink composition and properties for NVU 

bioprinting are widely reviewed in 
28

.   

6.8 Conclusion and future opportunities  

Here, we reviewed physical properties of materials used to mimic BBB 

matrix in vitro. We took as a reference the widely used semi-permeable membrane, 

which offers a non- cell degradable stiff substrate (MPa) with limited pore diameter 

and density for 2D cell culture. As a consequence of the emergent field of 
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mechanotransduction, and subsequent consideration of substrate physical properties 

such as matrix stiffness, new materials have been developed with the aim to 

improve substrate physical property and to approach in vivo mechanical cues 

delivered from the matrix to the tissue. Hence, new materials exhibiting lower 

Young’s Modulus, showing increases in pore density and with the possibility to be 

remodeled by surrounding cells, are required. The development of natural or 

synthetic hydrogels with tunable elasticity and cell-degradation rate has been 

suggested as the most promising biomaterials for soft tissue engineering. Hydrogels 

mechanical properties have been largely explored through organ-on-chip systems 

where endothelial cells are cultivated in monolayer lining a predesigned vascular 

channel. We have defined the culture on monolayer of endothelial cells on 

degradable substrate as a 2.5D cell culture configuration. A different approach 

consists of orienting endothelial cells growth into a 3D matrix where cells receive 

homogenous mechanical cues from the surrounding environment. These 3D models 

allow the study of BBB development from an angiogenesis perspective.  

Brain tissue elasticity has been estimated to be around 0.1-1kPa, however it 

remains almost impossible to determine with precision the physical property of the 

BBB BM due to the lack of available protocols to isolate this nanometer scale 

ECM. Previous studies have suggested that cells were able to sense stiffness of the 

underlying substrate up to 20 microns deep thanks to a force propagation along 

ECM fibers. Considering the difference in protein composition between brain 

parenchyma and BM, the thickness of the BM (20-200 nm) and the close proximity 

of mural cells and astrocytic end-feet, which exhibit an elastic modulus around 20 

kPa (Okamoto et al. 2017) to the vascular endothelial cells, we can’t confirm that 

BBB ECs sense the stiffness of brain parenchyma. Using soft biomaterials allowing 

a close contact between astrocytes, pericytes and endothelial cells is likely the best 

way to reproduce the in vivo mechanical properties of the basement membrane.  

Table 6.4 gives an overview of materials that have been used to model the 

BBB depending on the dimensionality of the model.  

Table 6.4: Summary of new materials for BBB modeling and mechanical 

stimuli associated with investigate/improve cell-matrix interactions.  
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Cell 

model 

Mechanical 

stimuli 
Biomaterial 

Stiffness 

range 
Endotelial cell type Reference 

2D Curvature SU-8 resin GPa bEnd.3 
46

 

2D Porosity SiN GPa bBMVEC 
45

 

2D 
Pulsatility 

Shear stress 
Silicon GPa HBMECs 

122
 

2.5D Topography 
Gelatin 

nanofibers 
MPa HBMECs 

64
 

2.5D Topography 
PCL-PEG 

nanofibers 
n.d. TIME cells 

97
 

2.5D Topography 
PLGA 

nanofibers 
MPa hiPSC-derived EC 

96
 

2.5D Topography 

In vitro cell-

secreted 

ECM 

n.d. Porcine brain ECs 
60

 

2.5D 
Topography 

Stiffness 

PEG-RGD 

hydrogel 
kPa HUVECs 

97
 

2.5D 
Topography 

Stiffness 

Collagen-

Matrigel 

hydrogel 

kPa HUVECs 
48

 

2.5D 
Geometry 

Shear stress 
Collagen kPa 

hBMVECs/hCMEC/D3/ 

bEnd.3 
70,72,76,101

 

2.5D 
Shear stress 

Cyclic strain 

Collagen-

Matrigel-

HA 

hydrogel 

kPa hCMEC/D3 
77

 

3D Shear stress Fibrin kPa HUVECs/ hBMECs 
62,81,117

 

3D Topography Collagen kPa hCMECs 
74

 

3D 
Matrix 

degradability 

PEG 

hydrogel 
kPa hPSC-derived ECs 

120
 

 

Future perspectives: the use of conducting polymers for electrically active 

NVU tissue: In vivo and ex vivo analysis of status epilepticus (SE) impact on the 

NVU in a rat pilocarpine model revealed an induced spatiotemporal course in BBB 

leakage happening within hours following electrical seizures. Resulting BBB 

damage appears to be an important factor in triggering epileptogenesis–associated 

changes including degeneration of NVU cells 
126

. Thus, there is an interest in 

understanding how brain endothelial cells react after current stimulation in 

particular concerning the transport function across the BBB. Recent interesting 

models relying on the 2D culture of b.End3 cells on a Transwell filter and spatially 

uniform direct current stimulation (DCS) adapted system revealed an oriented fluid 

and solute movement across the BBB associated with DCS 
127

. As illustrated in that 
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review, biochemical and mechanical parameters are impacting BBB integrity and 

the development of new models supports this idea. Biocompatible conducting 

polymers for scaffolds preparation represent a new class of advanced materials 

combining ECM physical properties with electrical conductivity in the emerging 

field of bioelectronics. Among conductive polymers (CPs), poly(3,4-

ethylenedioxythiophene) doped with poly(4-styrenesulfonate) (PEDOT:PSS) is one 

of the most promising for bioscaffold construction because of its dispersibility in 

polar solvents and high conductivity. Then,  by combining PEDOT:PSS with PCL 

polymer we can design organic electronic porous scaffolds for stimulation of 

electro-responsive cells showing great potential for bone reconstruction 
128

. 

Hydrogels made of PEDOT:PSS combined with polyurethane composites have 

been shown to support human NSC grow and enhance neurogenesis by electrical 

stimulations of the cells 
129

. Enhanced biocompatibility of CPs by using 

biomolecules as dopants has leaded to the development of PEDOT:GAGs 

(glycosaminoglycans) films increasing the proliferation of neural cells compared to 

the conventional PEDOT:PSS-based substrate 
130

.  

The use of PEDOT:PSS-based transistors, so called OECTs, allows the 

measurement of barrier tissue integrity over time with a great temporal resolution. 

Thanks to their ability to act as a convertor of ionic signals into electrical signaling,  

OECTs are shown as promising devices to interact with biological environment 
131

. 

Integrated as porous 3D scaffolds or in planar configuration integrated into a 

microfluidic device, OECTs show a promising way to integrate micrometer 

transepithelial resistance measurement platforms into in vitro models 
132–134

. 
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Chapter 7: Conclusions 

This thesis reports the development of electrical platforms with improved 

coupling between electronics and biology and their compliant integration within 

3D barrier tissue models. 

    After a short introduction, chapter 2 discusses the evolution of in vitro 

barrier tissue models toward 3D configurations, which offer better cell-cell and 

cell-matrix interactions within a controlled microenvironment. I present the limits 

of conventional electrical platforms to be integrated in 3D cell culture systems to 

monitor barrier tissue ionic conductance. The high impedance and rigidity of 

metal electrodes both limit the interactions with biological tissues. I demonstrate 

that this challenge can be overcome using OECTs to provide in-line 3D cell 

impedance sensing.  

In chapter 3, I quantified for the first time the ionic conductance of an 

airway epithelium using a flexible OECT-based platform. Traditionally electrical 

tools require barrier tissues to be fully immersed into the electrolyte, which is 

irrelevant for air-liquid interface tissue configuration. I designed an organic sensor 

that is flexible and mechanically compliant with biological tissues to monitor 

tracheal epithelium directly at the air-liquid interface. In this configuration, the 

electrolyte corresponds to the cell-secreted mucus. It allowed me to perform 

relevant vapor toxicity analysis under tissue physiological conditions. Thanks to 

this innovative platform, I demonstrated important breakthroughs in the field of e-

cigarette toxicity. 

In chapter 4, I monitored spheroid ionic resistance using an OECT-based 

impedance sensor. Spheroids are 3D structures of bulk of cells embedded into 

their own-secreted matrix. This free-floating configuration makes spheroids 

complicated model to characterize electrically. In this work, OECTs are integrated 

within PDMS microfluidic chambers to record spheroid impedance with high 

temporal-resolution. Thanks to PEDOT:PSS’s low impedance, OECTs established 

a superior electrical coupling with tissue ionic conductance compare to traditional 

metal electrodes. I thus demonstrated the ability of this new platform to segregate 

spheroids according to their size and thickness.   
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In chapter 5, I present a new strategy to make organ-on-a-chip in-line 

sensors using OECTs blended with a collagen-based 3D microvessel network. 

Organ-on-a-chip systems are among the most complex in vitro cell culture 

platforms and their use for drug testing is on the rise. However, the integration of 

metal electrodes within micron-size chambers remains challenging. In our 

platform, 3D microvessels are placed on the OECTs for the continuous 

monitoring of blood brain barrier (BBB) formation. 

The BBB regulates ion and solute diffusion within the brain tissue to help 

maintain its proper functions. However, the BBB prevents the majority of drugs 

from entering the brain and its disruption is linked to many neurological diseases. 

The complex cellular and molecular composition of the BBB makes it challenging 

to be reproduced in vitro. In chapter 6, I review materials that have been used over 

the past five years to mimic BBB microenvironment features. I highlight the 

importance of cell-matrix interactions to promote in vitro BBB integrity. I also 

suggest the potential of conducting organic material to monitor BBB properties 

while preserving integrity of both cell-cell and cell-matrix interactions.  

As an interesting perspective, the design of OECTs using conducting 

hydrogels might be a promising way to interface with ultra-soft biological tissues 

such as the brain (0.5-1 kPa). This stretchable conducting material should 

maintain conformal contact with dynamic tissue surface. Soft OECTs might be 

envisioned providing both in vitro recording of BBB integrity and electrical 

stimulation of the surrounding neural tissue.  
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