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The CellZscope (a). CellZscope device (b). Equivalent circuit for cell layer grown on porous filter (c). Impedance frequency scan (d). Overview of CellZscope data acquisition window. Adapted from technical bulletin, Nanoanalytics.com……………………………………………………...……………74 Figure 2.8: Schematic drawing of an ECIS array and principle of the electric cellsubstrate impedance sensing (ECIS) method. (a) Cell layers are grown to confluence on integrated gold-film electrodes. An applied AC current flows between small working electrodes and the larger counter electrode using normal culture medium as an electrolyte. By a variation of the frequency ω, a spectrum can be obtained. Applying higher frequencies the current flow is dominated by the capacity of the total system, at mid-range frequencies the ohmic resistance of the total system is mirrored. (b) The current pathway at low frequencies on a cerebral endothelial cell monolayer (ECIS method, 400 Hz). At low frequencies the current predominantly flows paracellular (through extracellular matrix proteins) and between adjacent cells (through tight junctions) and the electrolyte (medium). (c) Application of high frequencies (ECIS method, > 40 kHz), the capacitive amount of measured impedance is especially sensitive for adhered cells. The current passes through the insulating cell monolayer, especially through cell membranes………………………..…………….75 (a). Immunofluorescence of BBECs on gelatin coated filter, stained with antibodies against apical junction proteins ZO-1 (green), occludin (red) and nucleus (blue). (b). Immunofluorescence of BBECs on gelatin on top of PEDOT(TOS) coated filter, stained with antibodies against apical junction proteins claudin-1 (green), ZO-1 (red) and nucleus (blue)…97 .TER recorded by the CellZscope system of contact co-culture at 8 days (black), contact co-culture at 6 days (red) and monoculture at 10 days (blue). (b). Apparent permeability of contact co-culture at 8 days (black), contact co-culture at 6 days (red) and monoculture at 10 days (blue)………………………………………103 Figure 3.9: (a).TER recorded by the CellZscope system of contact co-culture at 8 days (black), contact co-culture at 6 days (red) and monoculture at 10 days (blue). (b). Apparent permeability of contact co-culture at 8 days (black), contact co-culture at 6 days (red) and monoculture at 10 days (blue)……………………………………..104 Figure 3.10: (a).TER recorded by the CellZscope system of contact co-culture at 8 days (black), no contact co-culture at 8 day (red) and monoculture conditioned at 8 days (blue). (b). Apparent permeability of contact co-culture at 8 days (black), no contact co-culture at 8 days (red) and monoculture conditioned at 8 days (blue)….105 .TER recorded by the CellZscope system of contact co-culture supplemented with hydrocortisone at 8 days (black), contact co-culture at 8 days (red), no contact supplemented with hydrocortisone at 8 days (blue), no contact coculture at 8 days (purple), monoculture conditioned supplemented with hydrocortisone at 8 days (green) and monoculture conditioned at 8 days (dark blue). (b). Apparent permeability of system of contact co-culture supplemented with hydrocortisone at 8 days (black), contact co-culture at 8 days (red), no contact supplemented with hydrocortisone at 8 days (blue), no contact co-culture at 8 days (purple), monoculture conditioned supplemented with hydrocortisone at 8 days (green) and monoculture conditioned at 8 day (dark blue)…………………………111 In biological systems many tissue types have evolved a barrier function to selectively allow the transport of matter from the lumen to the tissue beneath; one example is the Blood Brain Barrier (BBB). The BBB protects the brain from the blood and maintains homeostasis of the brain microenvironment, which is crucial for neuronal activity and function. Characterization of the BBB is very important as its disruption or malfunction is often indicative of toxicity/disease. Though the number of published papers in the field of in vitro BBB has multiplied in recent years, the validity of the models used is still a subject of debate.

The advent of organic electronics has created a unique opportunity to interface the worlds of electronics and biology, using devices such as the Organic ElectroChemical Transistor (OECT), which provide a very sensitive way to detect minute ionic currents in an electrolyte as the transistor amplifies the gate current.

In this study, we test three different type of BBB in order to develop a stable BBB model. We optimize the adhesion of brain endothelial cell on OECT conducting polymer. We show the integration of OECTs with immortalized human cerebral microvascular endothelial cells as a model of human blood brain barrier, and demonstrate that the barrier tissue function can be detected. Moreover, by this technique, a disruption in the barrier (e.g. caused by a toxic compound) is assessed electrically through a measurement of the drain current.

Results show the successful development and validation of an in vitro BBB model. Dynamic monitoring of the barrier properties of the BBB barrier tissue was possible using the OECT. 

Aim of Thesis

The Blood Brain Barrier (BBB) is a highly selective membrane which separates the peripheral blood and the central nervous system (CNS). This barrier greatly restricts the passage of almost every compound into the brain. However some pathogen or toxin can enter and cause brain dysfunction. A variety of techniques are used to assess in vitro BBB models, including immunofluorescence staining of proteins related to BBB function, permeability assays and measurements of TER. The aim of these measurements is twofold: 1. To assess the accuracy or physiological relevance of a model under development, and 2. For use in diagnostics for determining compounds/pathogens that disrupt the barrier function of the BBB. Several different in vitro BBB models have been developed however the experimental format of most models does not allow for high throughput screening to access barrier integrity.

Current biological methods for evaluating barrier property are often expensive and time consuming. Electronic devices like the OECT create an opportunity to generate a low cost technique, both rapid and adaptable to high throughput screening methods for measuring barrier tissue integrity. Importantly, the transistor geometry permits to get an inherent amplification resulting in much more sensitive device.

The aim of this thesis is to integrate the barrier function of BBB with the ability of OECTs to detect minute ionic currents in order to assess barrier integrity. We first try to develop a stable BBB model using human brain endothelial cells. Then we combine the OECT with live BBB cell layers, thereby creating a device that will allow the evaluation of barrier properties in in vitro BBB models and the future detection of pathogens and toxins.

.

Chapter 1 Introduction to OECT for Biological Applications

This first chapter is a description of the state of art of the function and the properties of the OECT. Here we describe the configuration and the operational principle of the device. We demonstrate the possibility to integrate the OECT device with biological elements and the multiple advantages of this device for biological sensing.

In this chapter, my role was to describe the general consideration of the OECT and the application in biology and more specifically in the monitoring cellular integrity.

This chapter corresponds to a review in preparation:

Strakosas, Xenofon, Bongo, Manuelle and Owens, Roisin.M. OECT for biological applications. APL Materials's special topic on Biomaterials and Bioelectronics to be published in December 2014

1.1 The Organic Electrochemical Transistor

General considerations

The coupling of organic electronics with biology is an emerging and continuously growing field [1]. The motivation for organic bioelectronics is to address and anticipate the current and future diagnostic and therapeutic needs of the biomedical community [2]. These needs include detecting low concentrations of biological analytes, low amplitude brain activity, and pathogens, as well as improving compatibility with the biological environment [3]. Electrical methods for biological sensing are considered advantageous, in particular due to the fact that they are labelfree, not requiring expensive and time consuming techniques involving fluorophores or chromophores (optical methods). Current diagnostic approaches using electrical sensors involve electrochemical biosensors, passive metal electrodes, and/or large scale integrated systems, in which the operating principle is based on redox reactions, changes in the local potential or impedance. However, for electrochemical sensors and passive recording sites for electrophysiology the biological signals are often challenging to record and require further amplification to become detectable, necessitating a push towards more active, sensitive and biocompatible devices [4]. A promising technology that has the potential to overcome such limitations and respond to these specific requirements is the organic electrochemical transistor (OECT). 

Configuration

The OECT, first reported by White et al., [7] is a three terminal device in a transistor configuration (source, gate, and drain) (figure 1a). The source and drain are connected by an organic conducting material in which an electronic current is generated (Id) in response to a potential difference. A variable potential at the gate controls the magnitude of the drain current (Id) by doping and de-doping the channel.

The OECT belongs to a broader class of transistors called electrolyte gated transistors (EGTs), in which the electrolyte is an integral part of the device [8]. This property makes the EGT compatible with aqueous environments. Apart from OECTs, a major subclass of the EGT is the electrolyte gated organic field effect transistor (EGOFET) [9], which has also been used as a diagnostic tool [10]. The difference between OECTs and EGOFETs lies in the interface between the channel and the electrolyte [11]. Specifically, in EGOFETs the ions of the electrolyte create an electrical double layer (EDL) with the charges (electrons/holes) of the channel. In contrast, in OECTs, ions from the electrolyte can penetrate the whole bulk of the polymeric channel. This key difference enables the OECT to exhibit high amplification properties in sub-volt operation regimes, preventing electrolysis, and extending operating times necessary for in-vitro and in-vivo applications [5]. The latter affords high sensitivity sensing for a wide spectrum of applications without additional amplification.

Advantages

The OECT offers a unique set of advantages for biomedical tools. One notable advantage includes adaptability to a wide variety of fabrication methods, from simple to complex; OECTs have been fabricated using low-cost printing techniques, [12] and exhibit high stability, high current modulation and fast response [13]. Simple, planar, all Poly 3-4 EthyleneDiOxyThiophene Polystyrene sulfonate (PEDOT:PSS) transistors on the macroscale have been shown to be capable of detecting glucose levels that exist in human saliva [14,15]. For more challenging applications, OECTs are equally compatible with ongoing miniaturization techniques to the micro-scale, necessitated for the fabrication of high density electrode arrays for better interfacing with single neurons [16], integration with microfluidics for detection of multiple analytes [17], and lab on chip technologies [17b]. The use of robust and versatile organic materials has also facilitated the fabrication of conformal OECTs (figure 1.2a) for non-invasive, long term, continuous recordings [18]. Additionally, OECTs have been integrated with natural and synthetic fibers for fully integrated sensors and wearable circuits compatible with human skin [19]. Although OECTs could be fabricated using a variety of organic conducting materials including small molecules, graphene or nanotubes, the majority of OECTs have been fabricated with conducting polymers (CPs) as active materials in the channel.

Conducting Polymers

CPs, first discovered in 1976 by Alan MacDiarmid, Hideki Shirakawa and Alan Heeger, exhibit a wide spectrum of desired characteristics [20]. Of particular interest to biomedical applications, they exhibit mixed conductivity; ionic and electronic. Some of the first applications of CPs in the biomedical arena, were their use as coatings on metal electrodes, where they were shown to improve recordings of brain activity by lowering the impedance of the electrode [14,21]. CPs are chemically tuneable, and can be designed according to the needs of each application. For instance, CPs have been designed to entrap enzymes and mediators [22]. Direct electrical connection of enzymes to electrodes has been explored, using polyelectrolytes with redox active groups, and conducting polymers [23].

Electrochemical biosensors have enlisted these types of CPs to improve stability and sensitivity. Finally, CPs have been shown repeatedly to be biocompatible, hosting a wide variety of cell types [24]. Part of their compatibility with live cells, may be due to the fact that these polymeric materials are oxide-free, resulting in a closer interaction with cells hosted on their surface possibly facilitating adhesion and promoting ionic interactions [24b,25]. Other advantages of CPs that will be highlighted below include their optical transparency and their mechanical flexibility akin to tissue, providing benefits for tissue engineering.

A well-studied and widely used CP is poly(3,4-ethylenedioxythiophene) doped with poly(styrene sulfonate) (PEDOT:PSS). PEDOT:PSS is a p-type conducting polymer, in which the negative charge of PSS is compensated by a hole in the PEDOT backbone (figure 1.1b). This conducting polymer exhibits high electronic conductivities, with typical conductivity values of commercially available PEDOT:PSS reaching approximately 1000 S/cm. Furthermore, PEDOT:PSS shows high ionic conductivities: ionic mobilities for small ions migrating in PEDOT:PSS can reach values that exist in dilute electrolytes [26]. Indeed, a novel class of devices based on PEDOT:PSS have been reported, which have ions as their main charge carrier (Iontronics), with subsequent development of ion transistors and ion pumps demonstrated for delivery of ions, neurotransmitters and other small molecules [27].

The combined high ionic and electronic mobilities are key reasons for PEDOT:PSS emerging as the champion material for devices such as OECTs.

Operational Principle

Apart from choosing the optimal materials for an OECT, it is important to understand its operating principle. Bernards and Malliaras [6], have reproduced the transient, the speed with which the transistor responds to external changes such as biological signals, and the steady state behavior of an OECT by modeling it as an ionic and electronic circuit (figure 1.1c). The electronic circuit refers to the current flux of holes inside the channel and the changes of its magnitude upon de-doping. The ionic circuit (figure 1.1c), has been modeled as a capacitor and resistor in series. For simplicity, the capacitance of the gate has been neglected. The resistor in the model refers to the ionic strength of the electrolyte and the capacitor to the amount of ions that can be stored in the bulk of the channel. The model explains the operating principle of the OECT which is affected by the interplay between the ionic and electronic currents. Thus, an understanding of the parameters that influence these properties must be taken into consideration and tuned according to the specific applications at hand. These parameters include: the material / size of the gate, the resistance of the electrolyte, and the size and geometry of the channel. Once defined, optimal parameters must be weighed with considerations such as fabrication -for instance, micrometer scale transistors exhibit fast responses which are stable for higher frequencies, making them suitable and more specific for fast biological events (such as neuronal signaling), however, scaling down the dimensions requires somewhat complex lithographic techniques (figure 1.2a). Arguably, the most important device property of the OECT is related to its amplification properties. High amplification is a common necessity for unraveling biological information; to increase signal to noise ratio and to lower detection limits thus increasing sensitivity. For example, in electrophysiology it is important to record brain activity that has a wide spectrum of frequencies and amplitudes. The potential difference of this activity is on the order of a few micro volts, and by taking advantage of its inherent transistor properties, OECTs can be used to locally amplify the signal [28]. The efficiency of the amplification can be measured by the transconductance, which is defined as 𝑔 𝑚 = 𝛥𝐼 𝑑 ∆𝑉 𝑔

. Therefore, the higher the value of the transconductance, the better the gain. Khodagholy et al., [5] have shown that the OECT reaches transconductance values in the miliSiemens range, outperforming traditional and other organic transistors (figure 1.2b), an impressive feat for a device fabricated based with solution processed materials at room temperature. Furthermore, as shown in figure 2b andc, the transconductance and the time characteristics are not affected even after extensive use and harsh manipulation. Finally, by carefully selecting and varying geometrical characteristics such as channel length, width and thickness, Rivnay et al., [29] have engineered OECTs with peak transconductance values at zero gate voltage. This is of importance in many applications where very low voltages are required, for example when cell or lipid bilayer integrity has to be maintained over an extended period of biasing [30]. Moreover, omitting additional biasing facilitates simpler integration to circuits and recording systems, something desirable for lab on chip applications. From the above, we see how individual properties and characteristics of an OECT may be tuned for a broad range of biological applications.

1.2 Applications in Biology 1.2.1 OECTs coupled with biological moieties for sensing.

In this section work related to the coupling of OECTs with a variety of different biological molecules and macromolecules will be discussed, including ions, proteins (enzymes and antibodies), lipids and nucleic acids. These devices have been reported for applications in basic research but particularly as new alternatives for low-cost diagnostics.

OECTs as ion sensors

The electrolyte is an integral part of an OECT; variations in its ionic concentration affect the device properties. Therefore, sensing of ions, which is of great importance in healthcare diagnostics, has been possible with the OECT. Lin et al., [31] have shown that altering the ionic concentration of an electrolyte affects its channel current (Id). Figure 1.3a shows a transfer curve, which is a function of the drain current with respect to the sweep of the gate voltage, for a range of concentrations of a potassium chloride (KCl) electrolyte. The transfer characteristics display the decrease in Id with increase of the Vg, with a shift of these curves to lower values of Vg when the ionic concentration increases. This behavior can be simply explained by the ionic circuit in figure 1c; the higher the ionic concentration in the electrolyte the higher the ionic charge at the interface between PEDOT:PSS. So, the increase of the charge shifts the effective gate voltage (Vg,eff) (constituting the potential drop to the channel) to higher values and in turns de-dopes the channel. Apart from changes in electrolytes concentration, changes in electrolyte composition can shift the Vg,eff in the OECT, a principle used by Tarabella et al., [32] for sensing liposomes and micelle formation of cetyltrimethylammonium bromide (CTAB). Svensson et al., [33] have integrated OECTs in circuits for ion sensing in order to improve the sensitivity. In this case, two transistors were connected with two resistors in a Wheatstone bridge circuit configuration (figure 1.3b). After application of a small constant drain voltage the transistors operate in a resistive mode and the potential difference (Vdiff) between the two transistors is continuously recorded. By additional application of a sinusoidal gate voltage of 10 Hz, a change of the resistance in the electrolyte and thus the Vdiff can be measured. When the ionic concentration of the electrolyte in both transistors is the same, no potential difference is observed. By changing however the concentration of the electrolyte in the second transistor, a potential difference is observed. In figure 1.3c (inset; raw data), we see how the phase of the potential between the two transistors shifts versus the concentration difference in the two electrolytes.

The importance of sensing specific ions has prompted the development of ionselective OECT sensors (IS-OECT). Sessolo et al., [34] as well as Mousavi et al., [35] have combined OECTs with polymeric membranes that permit the passage of specific ions. In figure 1.3d the lay-out of an ion-selective OECT is shown. Briefly, a polyvinylchloride (PVC) based potassium-selective membrane was placed between a gel electrolyte and the electrolyte of interest, separating the channel from the gate of the OECT. By increasing the concentration of the electrolyte, a decrease in the drain current which is proportional to the [K+] is observed. This is attributed to the increase number of K+ ions penetrating the channel and de-doping it, or to the decrease of the electrolyte resistance. Figure 1.3e shows the calibration curve of drain current and effective membrane voltage versus ion concentration for pure KCl and NaCl solutions. The sensitivity to K+ ions is an order of magnitude higher than that of Na+ ions, and this confirms the ion selectivity of the membrane. In a similar configuration, Bernards et al., [30] have placed a lipid bilayer with and without embedded proteins, in this case bacterial gramicidin ion pores, selective for monovalent cations, as a selective membrane instead of a polymeric one. In the absence of gramicidin no Id modulation was observed when a gate potential was applied, whereas in the presence of gramicidin channels a clear modulation was observed in the presence of gramicidin, although only in the presence of KCl, not in the presence of CaCl 2 , demonstrating the selectivity of the bilayer lipid membrane. A 1V pulse was demonstrated to disrupt the bilayer membrane, underlying the importance of operation at low voltages when interfacing with biological systems.

OECTs as enzymatic sensors

One of the first applications of the OECT for interfacing with biology was as an enzymatic sensor [36]. The operating principle of an OECT enzymatic sensor involves either a change in a local pH upon oxidation of species or transfer of electrons to the gate of the device (figure 1.4a). By measuring changes in pH Nishizawa et al., have used polypyrrole based OECTs to sense penicillin [37]. They immobilized the enzyme on top of the channel and upon oxidation of the penicillin to peniciloic acid; the change of the local pH increased the conductivity of the polypyrrole. A major drawback, however, is that the conductivity of polypyrrole drops in physiological conditions, creating a mismatch between the device's operation regime and the optimal physiological environment of enzymes and proteins. In contrast, by measuring electron transfer, Zhu et al., [38] demonstrated the use of a PEDOT: PSS based OECT for glucose sensing in a wide range of pH environments. The sensing mechanism is as follows: glucose oxidase catalyzes the conversion of glucose to gluconolactone in the presence of oxygen forming hydrogen peroxide (H 2 O 2 ) as a byproduct. The H 2 O 2 in turn transfers an electron to the gate of the OECT (figure 1.5a(i)). In order for charge neutrality to be maintained in the electrolyte, a positive ion penetrates the OECT and compensates the PSS anion (figure 1.4a(ii)) , which in turn causes a shift of the Vg,eff and thus a decrease of the source-drain current, proportional to the glucose concentration [39]. Platinum (Pt) has been extensively used as a gate in OECT-based glucose sensors [40] because of its good catalytic performance for the oxidation and reduction of H 2 O 2 and other biomolecules of interest such as dopamine and adrenaline [41]. The sensitivity of OECT devices, after optimization, can detect levels of glucose that exist in human saliva (as low as 8µM), and sweat (~150 μM), leading to noninvasive measurement systems [40].

The geometry of an OECT-based enzymatic sensor affect its sensitivity and a systematic study has been performed by Cicoira et al., [42] who measured the decomposition of H 2 O 2 , mentioned above as the byproduct of the enzymatic reaction, for devices with the same channel, but different gate area (figure 1.4b). They showed that the sensitivity of the device increased as the gate size decreased. Such optimization is confirmed by modeling the behavior of the OECT and optimizing it for two types of applications: for electrochemical sensing and for ion to electron conversion [43]. This can be explained by the potential drop at the two interfaces: the gate/electrolyte and electrolyte/channel interface (Figure 1.4b). For ion to electron conversion, after application of Vg, the necessity of a high driving force to push the ions to the channel requires that most of the potential drops at the channel, therefore a non-polarizable gate or a gate bigger than the channel is needed (figure 1.4b).

Conversely, for enzymatic sensors such as the glucose sensor, most of the driving force comes from the electron transfer to the gate, which in turns shifts the Vg, eff at the gate/electrolyte interface; hence if the potential drops at the electrolyte / channel interface, the change will be negligible. This is the case when the gate is smaller and the material is polarizable.

The inherent amplification afforded by the OECT coupled with the optimization of the geometrical characteristics have resulted in highly sensitive enzymatic sensors. However, further modification of the gate with novel materials, such as Pt nanoparticles, has pushed the limit of detection to the nanomolar range. Tang et al., [44] modified a Pt gate with Pt nanoparticles (Pt -NPs) and carbon nanotubes (figure 1.4c). Moreover, the enzyme was entrapped on the gate by a chitosan membrane. Owing to their high electrocatalytic activity and the high surface to volume ratio, the Pt -NP modified gate showed an increased sensitivity compared to the pristine Pt gate and the gate modified with carbon nanotubes, and increased the limit of detection for glucose to 10 nM (figure 1.4d). By using the same concept, Liao et al., [45] used graphene and reduced graphene oxide flakes at the gate and pushed the sensitivity to a similar range while simultaneously improving the selectivity of sensing by adding a Nafion membrane. Negatively charged acids, such as ascorbic acid and uric acid commonly found in biological media, create interference in the measurements by direct oxidation at the gate. However, the use of a Nafion membrane or chitosan functionalization can repel and attract respectively these species while the neutral hydrogen peroxide can diffuse to the gate unimpeded. Finally, Kergoat et al., [46] have blended Pt nanoparticles with PEDOT:PSS. By using the modified PEDOT:PSS:Pt-NPs, they have successfully fabricated OECTs in order to sense glutamate and acetylcholine, which are important neurotransmitters.

Figure 1.4:

OECTs used as enzymatic sensors: a. i) Transfer of electron from glucose to the gate though the biological reaction catalyzed by glucose oxidase ii) de-doping mechanism of PEDOT:PSS at the channel b. Drop of potential at the interfaces and its dependence to the gate/ channel size ratio. (b, is reproduced and modified from [42] with permission from [Wiley Online Library]) c. Schematic layout of an OECT glucose sensor with the gate modified with Pt NPs, MWCTS and GOx f. The dependence of ∆Vg,eff as a function of log[Cglucose] for CHIT/GOx/Pt (line I), MWCNT-CHIT/GOx/Pt (line II) and CHIT/GOx/Pt-NPs/Pt (line III) gate electrodes.

(c, d are reproduced from [44] with permission from [Wiley -VCH]). e. Schematic layout of an OECT lactate sensor with solid state ionogel electrolyte. f. Normalized response of the OECT vs. lactate concentration. (e, f are reproduced from [47] with permission from [RSC Publishing]).

Apart from high sensitivity, the need for low cost and stable biosensors requires the use of alternative materials and simple fabrication techniques. Towards that goal, Shim et al., [14] developed an all-PEDOT OECT for glucose sensing. PEDOT:PSS, however, exhibits low catalytic properties for the oxidation of H 2 O 2 . Therefore, owing to its low redox potential, ferrocene has been used as a mediator for the transfer of electrons to the gate. This facilitates a single step fabrication of low cost OECT based enzymatic sensors. Yang et al., [15] have successfully demonstrated an all plastic OECT glucose sensor using room temperature ionic liquids (RTILs) as an electrolyte, thus solving issues related to long term stability of the OECTs for use in biosensing. Liquid electrolytes are unstable for long term applications, since they are susceptible to evaporation, and thus destabilization of ionic concentration. RTILs, molten salts at room temperature, have gained significant attention in electrochemistry as alternatives to aqueous electrolytes [48]. This is due to their desired characteristics, such as wide electrochemical window of operation, high ionic strength, low or zero evaporation rates, and for biological applications stabilization of enzyme conformation and function. For this application Yang and co-workers dissolved both the mediator and the enzyme in the RTIL and drop casted on top of a hydrophobic virtual well. The glucose sensor showed sensitivities in the micromolar range. Subsequently, Khodagholy et al., [47] combining ionic liquids with cross linkable polymers, developed an OECT lactate sensor integrated with a solid state electrolyte. The ionic liquid gel electrolyte included: lactate oxidase and the ferrocene mediator for sensing, IL for its high ionic conductivity and for the stabilization of enzyme's conformation, and photo-crosslinkable monomer and photo-initiator for creating the solid state electrolyte (figure 1.5c). Drop-casting and subsequent polymerization under UV resulted in a gel-like electrolyte. Figure 1.5d shows the normalized response of the OECT for a concentration range of lactate that exists in human sweat. This type of device was proposed as a wearable long term sensor for continuous monitoring of lactate levels in athletes. Finally, OECTS have been integrated with microfluidics for the fabrication of multi-analyte sensors: Yang et al.,[17a] demonstrated surface directed microfluidic that uses capillarity forces to drive a sample consisting of glucose and lactate to an array of OECTs for simultaneous measurement of glucose and lactate.

OECTs as immunosensors/ nucleotide sensors

OECTs can detect the presence of cells and biomolecules. Specifically, when a cell is in the proximity of an OECT channel, its membrane is polarized, resulting in an additional potential. The cause for the polarization of the cell is the potential difference between the channel and cell [49]. This additional potential shifts the effective gate voltage to lower values affecting the de-doping of the channel. Using this principle, He et al., [50] have fabricated an OECT that detects the presence of the pathogenic bacteria E. coli. In more detail, an immobilization step of the anti-E. Coli antibody took place through biofunctionalization on the OECT channel (figure 1.5a). The E. coli bacteria were then captured through antibody antigen interactions. When the bacteria are in a low ionic concentration media they exhibit a negative charge in their membrane, thus immobilized bacteria on top of the OECT channel form a negatively charged layer. Consequently, upon application of a gate voltage the negatively charged layer of bacteria attracts positive ions in the electrolyte, resulting in a shift of the Vg,eff to lower values (proportional to the bacteria concentration), which means that fewer ions are de-doping the channel or a higher voltage has to be applied in order to de-dope the same magnitude of current in the absence of bacteria (figure 1.5b). Similarly, Kim et al., [51] fabricated an OECT based immunosensor for prostate specific antigen (PSA), by immobilizing a PSA specific antibody on the channel. The shift of the Vg,eff to the channel is proportional to the captured PSA antigen concentration. A secondary antibody conjugated with Au nanoparticles was then used in a typical sandwich-ELISA format, thereby resulting in an increased sensitivity, mostly likely due to the fact that Au-NPs are negatively charged in suspension.

Finally, an OECT DNA sensor has been developed by Lin et al. [52]. Figure 1.5c shows the layout of the device, which consists of an OECT with integrated microfluidics on top of a flexible polyethylene terephthalate (PET) substrate. Single stranded DNA was immobilized on the gate, with a second gate was used as a control.

Figure 5d shows a transfer curve, in which the gate voltage needed to de-dope the channel shifts to higher values after immobilization and hybridization of the complementary DNA strand. The mechanism of sensing is as described above; owing to its charge, the DNA affects the capacitance at the interface between gate and electrolyte, and thus shifts Vg,eff. A similar mechanism was also shown by Liao et al., for the detection of diatoms in sea water [53]. An interesting observation was that PEDOT:PSS appeared to promote diatom growth when compared with simple glass slides. 

OECT coupled with whole cells for electrophysiology

In this section work related to the coupling of OECTs with live mammalian cells will be discussed, rather than individual biomolecules or macromolecules as in the previous section. This section has been split into two sections; integration with nonelectrogenic cells for monitoring toxicology/diagnostics, and, integration with electrogenic cells such as cardiomyocytes and neurons. In the former case, the OECT is used to measure a 'passive' electrical property of the cells, whereas in the latter, the OECT is measuring active electrical properties of the cells, with applications both in vitro for toxicology/diagnostics, but also in vivo for potential therapeutics.

Integration of OECTs with non-electrogenic cells

The first report of OECTs with live mammalian cells was by Bolin et al. [54]. MDCK (Madin Darby canine kidney) epithelial cells were seeded along the channel of an OECT and the device was used to bias the channel such that an electrochemical gradient was produced. Depending on the redox potential of discrete areas of the channel, differential cell adhesion was observed, illustrating the potential for conducting polymers with electrically tuneable surface properties in controlling adhesion of cells. A non-trivial issue associated with this work was the demonstration by the authors that live cells grow and proliferate on conducting polymer devices, indicating the biocompatibility of the materials used. Long term stability of these devices in cell culture media has also been demonstrated [55]. Subsequent integration of OECTs with live cells have focused on the sensitivity of the devices to changes in biological ion flux, a parameter which can be used for monitoring the integrity of mammalian cells, as the flow of ions is tightly regulated in tissues and dysregulation is often a sign of disease or dysfunction. In particular, OECTs have been used as an alternative technology for sensing barrier tissue integrity, monitoring variations in paracellular ion flux with state-of-the-art temporal resolution and high sensitivity.

Barrier tissue is composed of epithelial or specialized endothelial cells whose role is to modulate ion flux between different bodily compartments. As this role is often compromised during toxic events, monitoring of this tissue is very interesting for diagnostics/toxicology. In a first instance, Jimison et al., [56] integrated epithelial cells grown on filter supports with the OECT, using a model of the gastrointestinal tract Caco-2 cell line which is established as a barrier tissue model (figure 1.6a). This configuration is compatible with existing barrier tissue characterization and toxicology methods and protocols which frequently use filter supports as they mimic the polarized nature of the cells in vivo where they separate different functional compartments (e.g. gastrointestinal tract from blood stream). The OECT ionic circuit on the addition of barrier tissue is shown schematically in figure 1.6b, with the cell layer represented as a resistor and capacitor in parallel. In this way, the OECT uses the ionic to electronic transduction to measure changes in the impedance of the ionic circuit. Application of a positive gate voltage Vg leads cations from the electrolyte, in this case cell culture media, into the conducting polymer channel thus de-doping it. The transient response, which gives the time of how fast the channel will be dedoped, can be quantified by the time constant (τ = RC). The τ depends on the capacitance of the channel and the resistance of the electrolyte. The presence of the barrier tissue modifies the ionic flux, due to the addition of additional capacitor and resistor (figure 1.6b) and the drain current by inducing a slow response thus increase in the τ [25b]. The disruption of barrier tissue (illustrated schematically in figure 1.6c), related to the destruction of protein complexes between the cells, was also demonstrated upon addition of hydrogen peroxide (H 2 O 2 ), a known toxin. Figure 1.6d illustrates the high temporal resolution of the OECT in monitoring barrier tissue disruption, from one pulse to the next. Monitoring of the Id response to the gate voltage was normalized as a function of time in the presence of both H 2 O 2 and a second toxin, ethanol, and shown to have greater sensitivity than traditional methods. The effect of EGTA (Ethylene glycol-bis(beta-aminoethyl ether)-N,N,N',N'-tetra acetic acid) known to affect paracellular ion transport pathways and trans epithelial resistance of cells has also been demonstrated with the OECT [58]. Dose dependent responses to addition of EGTA were detected and validated against existing commercially available electrical impedance spectroscopy shown significant advantages of the OECT in terms of temporal resolution. A visual demonstration of the OECT fabrication and operation for monitoring barrier tissue disruption by EGTA has also been reported [59].

For non-acute diagnostics applications where time scales for readouts exceed minutes and may actually extend to days or even weeks, not only the stability of the sensor, but also the environmental conditions for measurement must be required. To test the stability of the OECT and assess suitability for long term measurements of an OECT, Tria et al., transitioned the device to a format compatible with operation in physiological conditions, and to cope with the many varying parameters inherent to biological systems, the number of devices operated simultaneously was scaled-up (Figure 1.6e) [60]. This system was used to successfully monitor the kinetics of integrity of the same gastrointestinal model after infection with the pathogenic organism Salmonella typhimurium (illustrated in figure 1.6f), while a non-pathogenic Salmonella bacterium showed no response regardless of the concentration added (figure 1.6g). The experiment was also carried out in milk, a complex matrix containing many different compounds including proteins and fats; however the OECT operation and detection of Salmonella typhimurium remained robust, unlike a leading commercially available alternative based on electrical impedance scanning using stainless steel electrodes.

OECTs show promise for applications requiring rapid and dynamic detection of variations in ion flow. The examples cited up until now have involved integration of the cells on a filter, physically separated from the device by the electrolyte, using a top-gate format. Another approach to measure the integrity of cells is to seed the cells directly on device, either with a top-gate format, or with a side-gate. This former principle was used by Lin et al., and the device was shown to be able to detect cell attachment and cell detachment by shifting the Vg, eff values, via a mechanism similar to that used by Yan and co-workers for detecting antibody/DNA binding [61]. Again the stable operation of the OECT in cell culture medium was confirmed, as well as the ability to support cell growth, in this case two cell lines: human esophageal squamous epithelial cancer cells and fibroblasts. In a similar configuration, Yao et al., [62] show the integration of human airway epithelial cells with the OECT. Cells were seeded directly on an OECT array, however the cells directly above the PEDOT:PSS channel are postulated to be suspended over the channel with a gap formed below (figure 1.7a). The authors investigated the dose response of transepithelial ion transport to forskolin, an agonist which causes opening of the CFTR (cystic fibrosis transmembrane conductance regulator) channel (figure 1.7b), a major contributor to transcellular ion transport. The transport of Na+ ions from the basolateral compartment to the apical compartment, result in a change in the channel current, which the authors convert to an effective gate voltage change. Ramuz et al., combined optical and electronic sensing of epithelial cells using OECTs with both the gate and the channel in the same plane, both consisting of PEDOT:PSS [63]. This circumvents an issue for long term operation of devices using Ag/AgCl electrodes which were demonstrated to be toxic to live cells for periods > 10 hours [60]. MDCK I cells were seeded directly over an area comprising both the channel and the gate. The authors demonstrated the possibility for continuous measurements of ion flow in epithelial cells coupled with optical imaging of the cell layer on the device, thanks to the transparent nature of the PEDOT:PSS film (figure 1.7c). Further, the measured electrical signal is demonstrated to be due to tight junction-related barrier tissue formation and not to simple cell coverage as the presence of cells on the active area of the OECT does not change the transistor response to gate pulse voltage unless the cells present barrier tissue properties. A corollary of this work is that high resolution imaging of cells is possible on PEDOT:PSS films, not only in bright field mode, but also for fluorescence imaging (figure 1.7d), highly valuable for definition of molecular mechanisms in biological systems. 

OECT for stimulation and recording of electrogenic cells

Electrical stimulation and recording of nerve tissue and neural activity have provided valuable information about physiological and pathological functions of the body and brain. Typically, these recordings are performed with metal electrodes [64]. For example, the main technique to record cardiac activity, electrocardiography (ECG), uses electrodes in contact with the skin which provide information about the normal function or abnormalities of the heart. OECTs include advantages that can overcome many limitations in electrophysiology. First of all, the low temperature fabrication of OECTs enables devices on flexible, biocompatible, and biodegradable substrates. Campana et al., [65] fabricated OECTs on flexible, resorbable poly(L-lactide-coglycolide substrates for ECG recordings. Figure 1.8a shows the layout of the measurements and the raw signal compared to the theoretical heart pulse. In this work, the gate of the OECT was placed directly on skin close to the heart at a constant positive potential (Vg = 0.5 V) relative to the ground potential of the body, while the transistor channel was placed on the forearm at a negative potential (Vd = -0.3 V) relative to the ground. Every heartbeat creates an additional potential which modulates the Vg,eff seen by the channel and result in a clear de-doping of the channel. Conductive gels are usually used as an interface between the skin and channel in order to increase the adhesion for long-term measurements. Figure 8b shows how the fabrication of the device on a flexible substrate improves the contact with the skin which is desirable for recordings of freely moving subjects. Furthermore, the use of biodegradable materials can push to implantable devices that can be used for recording or stimulating electrogenic cells.

For the brain, there are three main electrophysiology recording techniques: electroencephalography (EEG) which utilizes electrodes in contact with the skin, electrocorticography (ECoG) which utilizes electrodes in contact with the surface of the brain, and stereoelectroencephalography (SEEG) which utilizes probes that penetrate deep in the brain [66]. Depending on the nature of the signal of interest, or the size of the neural population to be interrogated, or the invasiveness / goal of the measurement, EEG, ECG or SEEG may be selected. Most of the electrodes currently used are relatively inflexible, anchored in the skull, and do not follow the movements of the brain. Moreover, the recording quality usually deteriorates over time, due to the tissue injury and reaction of the immune system to the electrode [67]. A primary challenge is to, to form a good contact with the brain. This can be achieved by using flexible electrodes that conform to the shape of the brain surface [18]. Other requirements are to obtain high quality and stable overtime recordings, i.e through the use of more biocompatible materials, and of course amplification of neuronal signals necessary to detect low magnitude signals of interest. As a proof of concept, Khodagholy et al., [28] demonstrated implantable OECTs for ECoG recordings. A conformal device, consisting of integrated electrodes and OECTs array, was placed on the surface of the brain of an epileptic rat (figure 1.8c). The dimensions of the devices are on the order of few micrometers, fabricated on top of a 2 µm polymer substrate.

Figure 8d shows that the signal to noise ratio of the organic electrochemical transistor was far superior compared to the electrodes. Furthermore, the OECT could record low amplitude signals and fast signals from the interior of the brain that the electrodes were unable to detect, hitherto only recordable by depth probes (SEEG). Finally, a recent publication has demonstrated the use of an OECT to monitor cardiac rhythm, eye movement, and brain activity in a human volunteer (figure 1.8e-f) [68]. The device showed a high transconductance operation at low gate voltage, which simplified the wiring, as it necessitated only one power supply to bias the drain. 

Conclusion

Bioelectronics is a growing interdisciplinary field which aims to interface electronics and biology, improving current biomedical tools. The particular niche for organic electronic materials in integration with biological materials or use in biomedical applications comes from a host of beneficial properties unique to these materials in contrast to traditional electronic materials. The underlying notion of amplification, a pre-requisite in biosensing, pushes towards active devices (transistors) rather than passive devices (electrodes). The organic electrochemical transistor lies at the heart of this field principally because of the intimate nature of the interface with biological components, where the biological milieu comprises an integral part of the device, and ions from this milieu are the key to the operation mechanism of the OECT. Improved signal transduction and amplification are common themes in the research cited above, demonstrated repeatedly for the OECT in a wide variety of formats and applications. Stability is a highly valued characteristic for biosensing, and the OECT has been shown to operate stably in a variety of different electrolytes, include complex cell media, seawater and even milk. Long term operation in these electrolytes on the scale of days to weeks has also been possible.

The OECT is a current to voltage transducer; small changes at the input (ΔVg,eff) result in big changes at the output (ΔId). OECTs exhibit high transconductance values, essentially high gain, and by tuning the geometry and the size of the channel, the transconductance and the time response can be optimized. Different modes of operation depend on how the effective gate voltage (Vg,eff) shifts. For example, the Vg,eff can be modulated by changes in the resistance of the electrolyte, charge transfer to the gate, or sensing of an additional external ΔVg signal. Using this principle, OECTs have been used as ion-sensors, enzymatic sensors, DNA sensors, immunosensors, and pathogen sensors. Further, OECTs have been integrated with individual cells, tissues, and even whole organs. Application dependent tuning is a very important benefit of the use of conducting polymers, which are amenable to chemical modification, biofunctionalisation, and fabrication using a wide variety of techniques on different substrates. Compatibility with photolithographical techniques also facilitates fabrication of micron-scale devices, particularly interesting for monitoring of cells in vitro and in vivo, as well as for high-throughput device arrays.

Future applications for OECTs are expected to further exploit the beneficial properties of these devices, with significant potential in tissue engineering for in vivo applications. The first wave of industrial prototypes in the biomedical arena is anticipated imminently.

OECT has been successfully used in a wide spectrum of biological applications. From simple enzymatic sensing, in which you require large scale devices, to more sophisticated applications, in which the use of micro-scale devices with faster responses and better interface with cells is mandatory. This increased biocompatibility can be used in order to monitor more fragile cells such as primary neuron, astrocytes, and brain endothelial cells.

1.4 Bibliography The brain is the body's control center. When this organ is healthy, it works very quickly and automatically. It operates for speech, thinking, memory and movement. However, the brain can default when diseases appear. The brain's inflammation results in disorder-like weakness, vision loss, paralysis, and syndromes such as sclerosis, Alzheimer's, and Parkinson's [1]. Brain disorders are the largest cause of hospitalization, more than cancer and heart disease. Brain illnesses touch at least 50 million people per year for an amount of $500 billion to treat [2]. The complexity of the central nervous system (CNS) and the role of its specific protection, called the Brain Blood Barrier (BBB), limit the general treatments [3].

The BBB is a dynamic barrier that isolates the brain from the circulatory system. This barrier protects the brain by strictly controlling transport in and out of the brain, thereby maintaining brain homeostasis [4]. The disadvantage of this tightly controlled barrier is that it also selects the transport of therapeutics into the brain. Drugs that treat the CNS disorders are often unable to penetrate into the brain to perform their actions. Almost 98% of the small molecule drugs and practically 100% of the large molecule pharmaceutics cannot cross this barrier [5] . The BBB is powerful at protecting the brain against the passage of foreign substances that it often forbids the passage of life-saving drugs able to repair the injured or diseased brain. To find out how pathogens or toxins can skirt BBB protection and disturb the brain, it is essential to further investigate the neurology field.

Our motivation to characterize this barrier is to further our understanding of this interface in contact with toxins and pathogen.

History of the Blood Brain Barrier

In 1885, Paul Ehrlich was the first to discover the presence of a barrier between blood vessels and the brain. After intravenously injecting organic dyes into animals, he noted that the dyes would go out of the capillaries and stain all organs, except the brain. He concluded that the "dyes had a lower affinity for binding to the nervous system as compared to other tissues" [6]. In 1900, Lewandowsky gave the name of the blood-brain barrier after he had demonstrated that neurotoxic agents affected brain function exclusively when these agents are directly injected into the brain and not into the vascular system [7]. In 1913, Edwin Goldmann, a student of Dr. Ehrlich, did the 2.3 Structure

A Biological Barrier

The BBB is composed of brain microvascular endothelial cells (BMECs) that line cerebral microvessels along with periendothelial structures, which include pericytes, astrocytes and a basement membrane [12,13] (Figure 2.2). The basement membrane is a layer of extracellular matrix secreted by the endothelial cells as well as by the perivascular cells, astrocytes and pericytes. It is composed of type IV collagen, fibronectin, and laminin. This layer is important because it give a mechanical support for cell attachment, and cell migration [3]. 

Brain Endothelial Cells

Endothelial cells in brain capillaries are the essential element of the BBB. Brain endothelial cells are distinguished from peripheral endothelial cells by possessing fewer cytoplasmic vesicles [14], more mitochondria, and a large number of intercellular junctions like tight junctions (TJs) that promote an electrical resistance, strongly limit paracellular flux of polar substances, and a high energy metabolism [15]. Brain endothelial cells have several specific markers such as the glucose transporter GLUT-1, that mediates the passage of glucose through the barrier or the glutamyl transpeptidase (γ-GT) involved in the metabolism of amino acids [3]. Due to these characteristics, brain endothelial cells have a decisive role in the selection of substances and cells transported in and out of the CNS.

The astrocyte cells are glial cells. These cells cover approximately 99% of the abluminal surface of the brain capillary and induce endothelial cells to differentiate directly through cell to cell communication or indirectly by secreting astrocytic factors [16]. Astrocytes are able to regulate neuronal excitability, and are a source of energy for the brain through the process of degrading glycogen to lactate [17].

Astrocytes are attached to each other by "gap junctions" through which various metabolites can diffuse [18]. Intercellular adhesion between astrocytes in the bloodbrain barrier has been observed in the form of gap junctions and adherens junctions [19]. There is significant body of evidence, in vitro and in vivo, indicating that astrocyte interaction with the cerebral endothelium determine BBB function, morphology (i.e. tightness, TER), and protein expression [20].

Pericytes

Pericytes are mesenchymal cells localized at the abluminal membrane of brain capillary endothelial cells in the basal lamina [21]. These cells have cellular projections, which penetrate the basal lamina and cover approximately 20-30% of the microvascular circumference [22]. It has been reported that there is approximately one pericyte for every three endothelial cells [16]. Pericytes are physically associate to the endothelium by Gap junction communication [23]. In the brain, pericytes are involved in the cerebral vasculature by controlling the diameter of capillaries, blood flow, and also by contributing to the microvascular vasodynamic capacity and structural stability. Lack of pericytes has led to endothelial hyperplasia and abnormal vascular morphogenesis in the brain [24]. The pericytes are also considered the first line of defense during the rupture of the BBB [25] and play an important role in brain homeostasis [3].

Neurons

The neurovascular unit (NVU) composed by neurons, astrocytes, pericytes, endothelial cells, supports the neurovascular coupling controlling changes in cerebral blood flow in response to the needs of neuronal supply. In spite of their close localization to capillaries, less data is available on the putative direct role of neurons on BBB permeability [26]. Cerebral endothelial cells cultured with cortical neurons have been shown to increase the expression of the BBB marker enzyme γ-glutamyl transpeptidase demonstrating that neurons can induce BBB properties [27]. In 2013, Xue et al. demonstrated that the existence of astrocytes and neurons could promote the formation of junction in brain endothelial cells and increase the resistance of these cells [28].

A Physical Barrier

The BBB is a physical barrier (Figure 2.3) that prevents entry of large and potentially toxic molecules into the brain, thus separating the central nervous system and systemic circulation. The BBB is composed by adherens junctions (AJ) [29] and tight junctions (TJ), which selectively prevent the diffusion of for example, hydrophilic molecules and pathogens [7].

Figure 2.3:

Representation of a section of brain capillaries with tight and adherens junctions present between endothelial cells (from Nature Reviews Neuroscience, Abbott et al., [49]).

Tight Junctions

TJs are elaborate structures that span the apical region of the endothelial barrier tissues. They are formed by transcellular proteins, such as occludin [30] and claudins [31]. They join the cytoskeleton via cytoplasmic proteins such as zonula occludens 1 (ZO-1) [32] [33]. TJ are known to prevent the paracellular passage of small molecules and even ions such as Na+ and Cl-. This function leads to high transendothelial electrical resistances (TER) and a very selective transport [34]. Regulation of TJ protein expression and/or subcellular distribution plays a key role in the physiology of the BBB [35]. When TJs are altered, the polarity of the blood-brain barrier decreases [32] [36].

Occludin has a molecular mass of 65 kDa, and contains two extracellular loops and four membrane-spanning regions. In 1997, Hirase et al. [37] first reported that occludin protein was strongly expressed and distributed continuously at the interface of brain endothelial cells. This protein is specific to tight junctions but several knockout and knockdown experiments have provided evidence that occludin is not essential for the formation of the tight junctions [38] despite the fact that a decrease in occludin expression is associated with a disruption of BBB function in several diseases [39].

Claudins are 22 kDa proteins and have four transmembrane domains. At least 24 have been identified in mammals. Claudins are the major components of the TJ and are localized exclusively at TJ strands. These proteins are essential for TJ formation [31]. The expression patterns of claudins vary among different tissues. Most cell types express more than two types of claudins. In brain endothelial cells claudins 3, 5, and 12 are the most expressed [40].

Junctional Adhesion Molecule (JAMs) is a group of 40-kDa proteins of the IgG superfamily. It possesses a single transmembrane domain and two immunoglobulin variable domains. JAMs were found to be selectively concentrated at intercellular junctions of endothelial cells where they mediate the early attachment of adjacent cell membranes via homophilic interactions [41]. JAMs are associated with claudins in TJ formation and is involved in the adhesion and the junction between cells [42].

TJ-associated Proteins belong to different groups of proteins containing a PDZ domain. Almost 30 additional proteins have been found associated with the cytoplasmic domains of claudins and occludin [43]. They can be grouped into two major categories: The first are the peripherally associated proteins like ZO-1 (ZO-2, ZO-3, AF6, and cingulin) that appear to organize the transmembrane proteins and couple them to other cytoplasmic proteins and to actin microfilaments [44]. The second are numerous "signaling" proteins (ZONAB, RhoA, RalA, and Raf-1) which are involved in junction assembly and gene transcription.

Adherens Junctions

Besides tight junctions, brain endothelial cells are also joined by adherens junctions. Adherens junctions form an adhesive cell-cell contact [45]. They are located near the basal membrane and consist of catenins and cadherins that interact with each other when calcium ions are present.

Catenins ensure adhesive contacts between cells. These accessory proteins mediate the connection between cytoplasmic domain of cadherins and actin cytoskeleton [46].

Cadherins belong to a superfamily of cell adhesion molecules, all of which are single transmembrane domain proteins. Vascular endothelial-cadherin (VE-cadherin) is found in endothelial cells and mediates calcium-dependent cell adhesion by binding to actin via catenin accessory proteins [47].

A Physiological Barrier

In physiological conditions, BBB is able to control brain homeostasi by specific mechanisms by which solute molecules move across membranes. Several transport mechanisms across the BBB have been identified, including paracellular, between adjacent cells and the transcellular pathway through the cell [48]. The majority of this transport is carried out via the transcellular pathway through transport proteins, receptor-mediated transcytosis, and adsorptive transcytosis (Figure 2.4).

The Paracellular Pathway

The paracellular pathway is a passive transport driven by electrochemical, hydrostatic and osmotic gradients. This transport is formed by the endothelial tight junction openings. Only some claudin proteins and more specifically claudin-2, allow the passage of ions predominately Na + and Cl -but limit the movement of large molecules and proteins [49]. Water and small hydrophilic solutes can cross the BBB by the paracellular pathway, only when TJs are destabilized by inflammatory or other pathological stimuli [50] (Figure 2.4). The paracellular pathway is characterized by higher conductance and lower selectivity. 

Transcellular Pathways

Tight junctions restrict the passage of molecules between ECs (paracellular transport), but it is possible to cross the BBB through ECs (transcellular transport). The traffic of molecules via transcellular transport is highly regulated and many mechanisms are involved. The pathway used to cross the BBB is dependent on the type of molecules [51] (Figure 2.4).This transcellular route is tightly regulated with a very high degree of molecular specificity.

Passive diffusion is a spontaneous process, without energy. The passage of molecules through the cell membrane by simple diffusion is controlled by the concentration gradient between the blood and brain. Molecules using this transport are small molecules such as carbon dioxide, oxygen, or are highly lipophilic substances such as nicotine and alcohol. In general, molecules that passively diffuse across the BBB have a MW < 500 Da [52].

Facilitated diffusion allows the transport of compounds across the BBB by their concentration gradient without energy. This is a passive mechanism and saturated when concentrations exceed the capacity of transporters. Facilitated diffusion allow transport of a wide range of molecules such as glucose and amino acids [53].

Glucose is an exclusive substrate of cerebral energy metabolism [54]. Glucose transport by facilitated diffusion is provided by the multigene family coding for GLUT transporters to 12 transmembrane segments. The expression of GLUT-1 transporter is ubiquitous in normal tissues. At the BBB, GLUT-1 is highly expressed on membranes and the luminal and abluminal of brain endothelial cells, which gives high transport capacity of glucose from the blood into the brain [3].

Amino acids are essential for the synthesis of neurotransmitters and cerebral protein synthesis. Some amino acids such as glutamate and aspartate are synthesized efficiently by the brain. However, for other amino acids such as arginine, cerebral synthesis is not sufficient. To cover the metabolic needs of the brain, a balance must be made from the blood into the brain. Eleven systems of amino acid transport across the BBB have been described. These systems are differently distributed on luminal and abluminal membranes of the BBB. They are divided into two groups, facilitated transport system independent of the sodium present in luminal and abluminal membranes and sodium-dependent localized exclusively in abluminal face [55]. These pumps regulate ion influx from the blood to the brain and vice versa. Ion concentrations need to be stable since they greatly influence the behavior of neurons.

Transcytosis is a selective transport of macromolecules plasma proteins (eg: albumin), across a cell by vesicles. This is a slow process which takes place in three steps: binding to the membrane occurs by electrostatic (receptor mediated) at the cell surface, endocytosis followed by migration within vesicles through the cell, and finally, through the vesicular exocytosis at the opposite membrane. There is transcytosis by a receptor where the molecule binds to specific membrane receptor, and induces invagination of the membrane with formation of vesicule by endocytosis [56]. Receptor-mediated transcytosis is specific to a given endogenous macromolecule, while adsorptive transcytosis is non-specific. Under normal physiological conditions, adsorptive vesicles rarely occur [19].

A Metabolic Barrier

The blood-brain barrier is also considered as a metabolic barrier by the presence of several specific enzymes and efflux pumps [3]. Indeed, it is known that the brain, the endothelial cells and astrocytes cells have extracellular and intracellular enzymes which can metabolize and eliminate xenobiotics. Among the systems responsible for the transport of these molecules out of the cell there are P-glycoprotein (P-gp), the multidrug resistance-related proteins (MRP family), and the ABCG2 (breast cancer resistance protein) which plays an important role, notably in humans. These systems are key elements in the BBB as they are able to actively prevent lipophilic molecules to cross the BBB. This mechanism is known as "multidrug resistance". These proteins belong to the superfamily ABC (ATP-binding cassette).

Enzymes

Many metabolic enzymes are expressed in brain endothelial cells. The main enzymes involved in this metabolic barrier are alkaline phosphatase (ALP), monoamine oxidase (MAO), and gamma-glutamyl transpeptidase (γ-GT) [57].

Alkaline phosphatase is present in many tissues and plays a key role in hydrolysis of phosphorylated metabolites. It also controls the transport of phosphate esters and phosphate ions. Like the γ-GT, this enzyme is expressed at a high level in endothelial cells of brain capillaries [57].

Monoamines oxidases are present in the brain tissue. The MAO metabolizes monoaminergic neurotransmitters (dopamine, serotonin, norepinephrine, and epinephrine) and limits the transcellular exchange of these neurotransmitters and their precursors from the blood into the brain [58].

Gamma-glutamyl transpeptidase enzyme (γ-GT) is the most characteristic of the BBB. This is a membrane-associated glycoprotein. Although its activity is higher in endothelial cells of the BBB, the γ-GT is not exclusively found in endothelial cells in brain capillaries. This enzyme is also present and functional in pericytes [59]. The g-GT appears to be involved in the transport of many amino acids across the BBB. This enzyme is also involved in the neuroprotective function of the brain [60].

Efflux Pumps

The presence of efflux pumps at the surface of brain endothelial cells highly contributes to the protection of the CNS by the BBB. Many drug transporters are members of the adenosine triphosphate (ATP)-binding cassette (ABC) transporter superfamily or the solute carrier superfamily (SLC) class (Figure 2.5). These pumps participate in the active transport of both endogenous and exogenous molecules and play an important role in the homeostasis of CNS by extruding toxins and xenobiotics out of the brain [3]. In humans, seven families of ABC transporters have been identified (ABCA, ABCB, ABCC, ABCD, ABCE, ABCF, and ABCG) [61]. Three of these seven gene families are particularly important for drug transport and multiple drug resistance in BBB: (1) the ABCB1 gene, encoding MDR1 (also known as P-gp);

(2) ABCG2 (breast cancer resistance protein); and (3) the ABCC family (ABCC1 through ABCC6) or multidrug resistance proteins (MRP) [62]. P-glycoprotein (P-gp) is an important individual transport protein at the BBB [63], functioning as an efflux pump and limiting the brain uptake of many lipophilic substances. It was the first efflux transporter to be discovered and is the most extensively studied member of the ABC multidrug transporter family [64]. P-gp was discovered in cancer cells, where it was found to be responsible for causing multiple drug resistances (MDR) [65]. It is located on the luminal side of the BBB [66]. Like other ABC-transporters, this transport protein displays a very broad specificity of substrates. These substrates include anticancer drugs such as vinca alkaloids, anthracycline, and taxanes, and also a large number of other clinically important drugs such as HIV-1 protease inhibitors [67], the immunosuppressive agent cyclosporine A, and the cardiac glycoside digoxin [68]. P-gp decreases the brain concentrations of its substrates and, importantly, protects against possibly toxic substances. At the BBB Pgp is an efflux transporter of particular interest, because it plays a major role in the phenomen of multidrug resistance, many pharmaceutical drugs cannot overcome the BBB because they are transported out of the brain capillary endothelial cells back into blood by P-gp [START_REF] Volk | Electric Cell-Substrate Impedance Sensing (ECIS) as a Noninvasive Means to Monitor the Kinetics of Cell Spreading to Artificial Surfaces[END_REF]. The tight paracellular barrier is a fundamental characteristic of the BBB. To assess the tightness of a given model, the two most important methods are permeability (Pe) and transendothelial resistance measurement (TER) [11]. All relevant models present tight junction protein and show a sufficient tightness (150-200 Ω.cm 2 ) to study permeability or transport of molecules [77]. Further some in vivo investigations of the TER of BBB is estimated to average out at 2000 Ω.cm 2 [78] [79].

The

Permeability Measurement

Permeability assay (Pe) are important assay of the quality of BBB models [80]. Pe is expressed in cm.s -1 , and illustrates the ability of the molecule to pass through the cell membrane. Methods to determine Pe are based on the cell culture of brain endothelial cells on semipermeable filters which define two compartments: the apical, upper compartment which can be considered as "blood-side" and the basolateral, lower compartment which is the "brain side". This assay measures the transport of radiolabeled or fluorescent compounds such as Lucifer yellow (LY) across a monolayer. The apparent permeability (Papp) is determined using the following equation: Papp = dQ/(dT×A×C0), where dQ is the transported amount of the radiolabeled or fluorescent compounds, dT is the incubation time, A is the surface of a filter and C0 is the initial concentration of the radiolabeled or fluorescent compounds. Permeability values in the order of magnitude of 1.10 -6 cm.s -1 for sodium fluorescein are considered good values for tight barrier. Sodium fluorescein is used as an indicator of ion permeability and the common values for low permeability are when Papp ≤ 2. 10 -6 cm.s -1 [81]. In general the ions flux using the paracellular pathway pass by the pore route formed by transmembrane tight junction proteins, or by the non pore way formed by the dynamic opening and closing of tight junction strands [82]. However, the use of tracer molecule like sodium fluorescein for the measurement present some disadvantage because these tracer goes through the non pore way. Therefore, the permeability assay cannot be investigated as a rigorous assessment of the role of the pore pathway [83].

Measurement of TER

Measurement of the transendothelial resistance (TER) is one of the most important methods to assess barrier tissue integrity [80]. In culture conditions, TER reflects the impedance of ions through the physiological barrier and indicates the integrity of the epithelium and the degree of organization of TJ between cells. TJ has been shown by FRAP technique (fluorescence recovery after photobleaching) to have a permanent and rapid remodelling what suggest a change in their structure upon exposure to extracellular stimuli on the scale of seconds to minutes [84]. The impedance can be monitored by different types of measure, the non-planar method and the planar method.

The non-planar method: In the non-planar method, cells grow on permeable supports like filter. This filter configuration is compatible with transport assay because this format permits the access to both the apical and the basolateral compartments.

Chopstick-type electrodes:

The traditional way to measure TER is the use of simple handheld devices with chopstick-type electrodes. This setup permit to get an approximate determination of the ohmic resistance of the barrier-forming cell layer. The chopstick use a direct current (DC) applied to two electrodes, one on each side of the monolayer. In this method, the TER depends strongly on the position of the probing electrodes. Moreover, DC current can damage both the cells and the electrodes [85].

Epithelial Voltohmmeter world precision instruments (EVOM):

This method avoids the use of DC current which can damage the cells. In this case, an alternating current (AC) square wave with a low frequency (12.5 Hz) is used to avoid deterioration of the cell layer and the electrodes (Figure 2.6). However, the EVOM method is performed outside the incubator which leads to disorders of physiologic parameters and thus to a variation of TER values. CellZscope: In the CellZscope method, two electrodes are used; one is placed in the upper and the other in the lower chamber. The electrodes are separated by the endothelial layer seeded on filter, and all measurement is carried out in the incubator (Figure 2.7). The CellZscope (Nanoanalytics) (Figure 5.2a) measures the impedance of barrier forming cell cultures grown on permeable membranes under physiological conditions. The two main parameters directly imputable to the cell layer are the resistance TER and the capacitance Ccl. This tool provides the TER as output. The ohmic resistance, TER, shows the parallel connection of the paracellular pathway, and the capacitance of the apical and the basolateral membranes is described in Ccl. Based on this parallel circuit, TER and Ccl are well suited parameters to describe the integrated cell layer properties. An electrode is placed on each side of the membrane, and a small AC voltage is applied between the two electrodes (Figure 5.2b).The electric impedance of the cell system is measured on a range from 1 to 10 5 Hz (Figure 5.2c). The following schematic, an equivalent circuit shows how TER is extracted (Figure 5.2b and 5.2d).TER is commonly expressed as resistance measured multiplied by the area of endothelial monolayer (Ω.cm 2 ) and corresponds to TER = (Rcell monolayer -Rfiltre) X A where Rcell is the resistance of the cell monolayer, Rfiltre is the resistance of the membrane filter culture, and A is the surface of the membrane used. Tight models have values in the order of magnitude of hundreds Ω. Organic electrochemical transistor: This method using filter was described in detail in chapter 1.

The planar method:

In this method, cells grow directly on the device. This configuration permits a close proximity of the cell monolayer to the electrodes which results in high sensitivity measurements.

Electric cell-substrate impedance sensing (ECIS):

ECIS uses small gold film electrodes deposited on the bottom of cell culture dishes and measures the electrode impedance (Figure 2.8a). A constant small AC is applied between the electrodes and the potential across is measured. When cells are seeded on top of the working electrode, the flow is limited and the impedance is modified (Figure 2.8b, 2.8c). This method permits to monitor the TER change in real time [87].

Figure 2.8:

Schematic drawing of an ECIS array and principle of the electric cellsubstrate impedance sensing (ECIS) method. (a) Cell layers are grown to confluence on integrated gold-film electrodes. An applied AC current flows between small working electrodes and the larger counter electrode using normal culture medium as an electrolyte. By a variation of the frequency ω, a spectrum can be obtained. Applying higher frequencies the current flow is dominated by the capacity of the total system, at mid-range frequencies the ohmic resistance of the total system is mirrored. (b) The current pathway at low frequencies on a cerebral endothelial cell monolayer (ECIS method, 400 Hz). At low frequencies the current predominantly flows paracellular (through extracellular matrix proteins) and between adjacent cells (through tight junctions) and the electrolyte (medium). (c) Application of high frequencies (ECIS method, > 40 kHz), the capacitive amount of measured impedance is especially sensitive for adhered cells. The current passes through the insulating cell monolayer, especially through cell membranes (from Fluids and Barriers of the CNS, Benson et al.,[85]).

Planar organic electrochemical transistor (OECT):

In the present device architecture of the OECT, the gate and the channel are in the same plane and both composed of PEDOT:PSS (Figure 2.9). Cell monolayers act as a barrier to the ionic current and the channel current is used to detect ion transport through the cell layer [START_REF] Ramuz | Combined Optical and Electronic Sensing of Epithelial Cells Using Planar Organic Transistors[END_REF]. 

Different Types of Cell Culture

Modelling the BBB is currently a necessity to understand the effect of toxins and pathogen on this barrier. However, developing an accurate and reliable in vitro model of BBB which mimics the physiology and the functional response of the BBB in vitro is challenging.

The aim of a valid in vitro BBB model is to mimic the BBB in vivo. The model should display in vivo BBB characteristics such as similar cell architecture, tight junctions forming a restrictive paracellular pathway, reproducible solute permeability, functional expression of key transporters such as P-gp, and expression of BBB marker enzymes such as alkaline phosphatase and γ-GT [START_REF] Gumbleton | Progress and limitations in the use of in vitro cell cultures to serve as a permeability screen for the blood-brain barrier[END_REF]. Additionally, the model should be low cost, allow ease of culture and high throughput screening. In vitro BBB models carry some advantages over in vivo BBB models, in that they permit the examination of the BBB in isolation and can eliminate compounds prior to in vivo studies thereby reducing animal experimentation, and are more cost effective. In general, in vitro BBB models consist of a confluent monolayer of brain endothelial cell grown on a filter in monoculture, or co-culture with an other type of cells like astrocyte or neuron or pericyte and triculture with two other type of cells like astrocyte or neuron or pericyte [START_REF] Hatherell | Development of a three-dimensional, all-human in vitro model of the blood-brain barrier using mono-, co-, and tri-cultivation Transwell models[END_REF]. Either side of the cell monolayer is a buffer filled compartment, one representing the blood (apical) and the other representing the brain (basolateral).

The extensively used method for studying the BBB is a primary cell culture model using rat, mouse, pig, cow, or human brain endothelial cells from freshly isolated brain microvessels [START_REF] Vernon | In vitro models to study the blood brain barrier[END_REF].

Different Type of Blood Brain Barrier Model

Bovine Model

Bovine brain microvessel endothelial cells (BBMECs) have been used as an in vitro BBB model [START_REF] Baranczyk-Kuzma | Catecholaminemetabolizing enzymes of bovine brain microvessel endothelial cell monolayers[END_REF]. BBMECs have been characterized by the expression of the tight junction proteins (occludin, ZO-1, claudin-1 and claudin-5) [START_REF] Culot | An in vitro blood-brain barrier model for high throughput (HTS) toxicological screening[END_REF] and efflux transporters (P-glycoprotein, MRP1, MRP4 and MRP5) [START_REF] Zhang | Expression of various multidrug resistance-associated protein (MRP) homologues in brain microvessel endothelial cells[END_REF] [START_REF] Zhang | Plasma membrane localization of multidrug resistanceassociated protein homologs in brain capillary endothelial cells[END_REF]. The permeability assay have been performed in the BBMEC model, but the tightness of the monocultured BBMECs has been reported to be highly variable (4 to 80 × 10 -6 cm.s -1 ) [START_REF] Cecchelli | In vitro model for evaluating drug transport across the blood-brain barrier[END_REF]. Monocultured BBMECs have a rather leaky paracellular barrier which may limit their use in permeability studies. BBMECs have also been seeded with an astrocyte conditioned medium (ACM) [START_REF] Rubin | A cell culture model of the blood-brain barrier[END_REF], co-cultured with rat astrocytes [START_REF] Tao-Cheng | Tight junctions of brain endothelium in vitro are enhanced by astroglia[END_REF] or with agents in order to increase the cyclic adenosine monophosphate (cAMP) levels [START_REF] Rubin | A cell culture model of the blood-brain barrier[END_REF]. The tightness of the co-cultured BBMEC model has been shown to be better (permeability of sucrose 8.3 to 13 × 10 -6 cm.s -1 ) than the monocultured BBMEC model (permeability of sucrose 32 ×10 -6 cm.s -1 ) [START_REF] Lundquist | The use of in vitro cell culture models for mechanistic studies and as permeability screens for the blood-brain barrier in the pharmaceutical industry--background and current status in the drug discovery process[END_REF]. The TER of BBMECs exhibits better results in co-culture with astrocytes (500-600 Ω.cm 2 ) [100]. Further, it has been shown that P-gp expression is increased when BBMECs were co-cultured with astrocytes [101] [102] which indicate the significant effect of astrocytic factors on P-gp expression. Recently, a combination of different culture medium supplements (ACM, hydrocortisone) has been shown to improve the tightness of the BBMEC in co-culture model [103]. This model seems to be a tight in vitro BBB model. However, this is still two orders of magnitude leakier than the blood-brain barrier in vivo [104].

Rat and Mouse Model

The tightness of the monoculture of rat brain microvessel endothelial cells (RBMECs) (permeability of sucrose 2-11 × 10 -6 cm.s -1 ) [105] [106] is similar to the BBMEC models. However, the disadvantage of the RBMECs is the low numbers of endothelial cells per animal. RBMECs have been used in drug uptake studies and drug transport studies [107] [108]. When RBMECs were co-cultured with astrocytes in presence of hydrocortisone and cAMP supplements, the permeability of sucrose has been reported to be as low as 1.4 × 10 -6 cm.s -1 and the TER around 350-500 Ω.cm 2 

[106] [109] [110].

There are also immortalized rat endothelial cell lines available [111] and the most commonly used is the rat endothelial cell line (RBE4) which has been characterized in terms of the enzymatic activities of γ-GT and the functionality of P-gp [112]. One drawback of RBE4 cells is the poor cell monolayer tightness (permeability of sucrose 214 × 10 -6 cm.s -1 ) [113] which is not adequate for permeability studies. This reduces the feasibility of this model for screening [111] but it can be used for mechanistic studies. Further, several mouse brain endothelial cell lines have been established. Similarly to the rat brain endothelial cell lines, the mouse brain endothelial cell lines do not provide high tightness to permit permeability testing [114].

Porcine Model

Porcine brain microvessel endothelial cells (PBMECs) were isolated from porcine brain [115]. PBMECs have been used as an in vitro BBB model [116]. PBMECs display a very tight intercellular junctions (i.e. very low permeability) when they are cultured in serum-free and hydrocortisone supplemented culture media [117]. PBMECs have also been cultured with ACM [118] and co-cultured with rat astrocytes [80]. Co-culturing with astrocytes has increased the tightness of the paracellular barrier (permeability of sucrose 0.2 × 10 -6 cm.s -1 , TER >1000 Ω.cm 2 ) [80]. The expressions of some transporters such as BCRP, MRP1 and MRP4 have been reported in the PBMECs cultured with ACM [118]. Nevertheless, the functionality of the transporters has not been sufficiently assessed in PBMECs.

Human Model

The first isolation of microvessel endothelial cells from human brain was in 1991 [119]. The Human Brain Microvascular Endothelial Cells (HBMECs) have been characterized for the transporter genes (MDR1, MRP2, MRP1, MRP4, MRP5, MRP6). The existence of MRP mediated efflux and functional amino acid transporters has been shown in the HBMECs [120] [121]. The permeability of sucrose was lower in the HBMECs co-cultured with human astrocytes (~20 × 10 -6 cm.s -1 ) than in the monocultured HBMECs (50× 10 -6 cm.s -1 ) [122]. Further, the TER was higher in HBMECs co-cultured with human astrocytes (260 ± 130 Ω.cm 2 ) than in the monocultured HBMECs (61±2 Ω.cm 2 ) [122] suggesting the important role of astrocytes in the tightness of human brain endothelial cells in vitro. The HBMEC model appears to be promising as an in vitro model for human blood-brain barrier. However, the disadvantage of this model is the limited availability of the human brain tissue and the cost of these primary cells.

To avoid these concerns, an Immortalized Human Cerebral Microvascular Endothelial Cells, hCMEC/D3, derived from HBMECs, has been developed. hCMEC/D3 possess many blood-brain barrier markers, like tight junction proteins ZO-1 and claudin-5 [123]. Furthermore, expression of the efflux transporters (MDR1, MRP1-5, BCRP) has been reported in the hCMEC/D3 cells at the mRNA level and expression of Pglycoprotein, MRP1, MRP4, BCRP at the protein level [124] [125] [126]. The functionality of the efflux transporters P-glycoprotein, MRP, and BCRP was demonstrated in the absence of astrocytes [126]. The advantage of the hCMEC/D3 cells is that these cells are easy to grow and show a stable normal karyotype at least until the 35th passage [127]. All these characteristics make the hCMEC/D3 an interesting tool for permeability and resistance studies.

Characterisation of in vitro models of BBB for future diagnostics with toxins and pathogens is challenging. Traditional biological methods like the permeability assay, TER, or immunofluorescence are necessary to understand the mechanisms that interact in the BBB. However, these tests cannot evaluate the toxic potential, or detect the state of the pathogen (living or dead). Many pathogens are often not detected because they require a specific test or because they are unknown. Therefore, it would be wise to develop a system for the evaluation of new model which have a high throughput screening for drugs and can simultaneously detect a wide range of toxins and pathogens which are cheap, sensitive, and specific. Biosensor systems could provide solutions and become an alternative to traditional methods. 

Introduction

The characterisation of the BBB is primarily carried out in laboratory animals.

Although the scientific community encourages animal testing to increase our knowledge of health and medicine, they still agree on the necessity to practice alternatives methods to reduce animal suffering. One major alternative to animal testing is the development of stable and competent valid in vitro models [1].

The difficulty to study in vitro BBB models is the phenotypes of the existing in vitro models which are still very far from those found in vivo. The multiple different in vitro BBB models come from the complex function of the BBB [2]. On one side, this barrier is really selective and impermeable while on the other hand some pathogen or toxin can penetrate into the CNS and alter BBB properties.

Our goal consists of developing an in vitro model of BBB, for later integration with an organic electrochemical transistor, for use in investigating the effect of pathogens or toxins. The first step is to assess the formation of tight confluent monolayer using traditional assays: the permeability assay, measurement of TER and immunofluorescence staining of fixed samples. An 'in vivo' like barrier is widely thought to be reflected by a low permeability to soluble molecules and by a high TER of the monolayer. We first attempted to get a stable monoculture of Bovine Brain Endothelial Cells (BBECs) and secondly we try to develop a human in vitro BBB model.

In vitro BBB Model Using Bovine Brain Endothelial Cells

Generality on Bovine Brain Endothelial Cells

The BBEC model consists of microvascular cells derived from bovine brain tissue. This model offers a lot of advantages. First of all, BBECs are easy to obtain. Second, from bovine brain a large amount of cells can be obtained. It is possible to amplify BBECs and in culture which provides cells that can be maintained until passage 7.

Further this model can be differentiate in 4 day. BBECs is often used to study transport of drugs across the BBB, because they express tight junctions (ZO-1 and Claudin-1) protein and transport characteristics like P-gp found in the BBB in vivo [3] 

Permeability Assay:

The selective paracellular permeability of BBECs was evaluated by a low permeability to the non-permeant fluorescent marker lucifer yellow (LY) (Sigma Aldrich). When BBECs reach confluency, monolayer was rinsed with Ringer-HEPES solution (150 mmol.L -1 NaCl, 5.2 mmol.L -1 KCl, 2.2 mmol.L -1 CaCl 2 , 0.2 mmol.L -1 MgCl 2 (6H 2 O), 6 mmol.L -1 , NaHCO 3 ,5 mmol.L -1 HEPES, 2.8 mmol.L -1 glucose, pH 7.4). The permeability marker LY was added to the apical side of the monolayer and fluorescence was measured after 1 h incubation at 37 °C in a humidified CO2 incubator using a fluorescence spectrophotometer (TECAN). The endothelial permeability coefficient (Pe) was calculated in centimeters per minute. In this calculation, both filter without cells permeability (PSf = insert filter + collagen/gelatin coating) and filter plus cell permeability (PSt = filter + collagen/gelatin + BBECs) were taken into account, following to the formula: 1/PSe = 1/PSt -1/PSf.

Pe was obtained according to the following relationship: Pe = (1/PSe) / A, where A is the area of the filter:

BBECs were considered as tight when the Pe value for the marker molecule was below 1.10 -3 cm.min -1 [3].

CellZscope Measurements:

The investigation of the TER is measured in cooperation with nanoAnalytics GmbH, the CellZscope. This device (Nanoanalytics) was used to measure the impedance of cell layers grown on inserts under physiological conditions.

Immunofluorescence: Cells grown on filters during all experiment. BBECs were next fixed with 4% paraformaldehyde in PBS pH 7.4, 15 min at room temperature.

The permeabilization was done in 0.25% Triton in PBS, 10 min at room temperature and the blocking step with 1% BSA in PBST (0.05% Tween 20 in PBS), 30 min at room temperature. Mouse monoclonal anti-ZO-1and anti-Claudin1 then rabbit polyclonal anti-ocludin anti-ZO-1 were used at 5μg.ml -1 (Tight Junction AntibodySampler Pack, Invitrogen), in 1% BSA in PBST for 1 h at room temperature. BBECs were then incubated for 1 h at room temperature with the secondary antibodies Alexa Fluor 488 goat anti-mouse IgG and Alexa Fluor 568 goat anti-rabbit (Molecular Probes). Lastly, the cells were incubated for 5 min at room temperature with Fluoroshield with DAPI (Sigma Aldrich), mounted and examined with a fluorescent microscope (AxioVision).

Scanning Electron Microscopy:

To assess the formation of confluent monolayer of BBECs, a scanning electron microscope (SEM, Ultra 55, Carl Zeiss) was used.

Vapor Phase Polymerisation (VPP) of Poly(3,4-ethylenedioxythiophene):Tosylate (PEDOT(TOS)):

To promote the biocompatibility of PEDOT(TOS) with BBECs , for future use in an in vitro model of BBB with integrated OECT devices for measuring the integrity of this tissue layer, a VPP method is done. PEDOT(TOS) (Yacoo Chemical Co., Ltd) was used as the conducting polymer. PEDOT (TOS) composites were prepared by dissolving 0.8 g of Fe(III)TOS in 5 mL of isopropanol (IPA) and 32 µl of pyridine (BDH Chemicals). The oxidant solution was spun onto the filter at 1500 rpm for 30 s and placed directly in the vapor phase polymerisation chamber without a drying step. The vaporization chamber, containing an 3,4-Ethylenedioxythiophene (EDOT) monomer (HD Stark or YacooChemical Co., Ltd.), was kept in an oven at 70°C, at ambient pressure. After polymerization, the film coated filter was cooled to room temperature and washed with ethanol three times to remove excess Fe(III)TOS and unpolymerised EDOT monomer. Protein coated substrates were prepared by depositing collagen (0.1 mg.ml -1 ) or gelatin (2µg.mL -1 ) on top of PEDOT(TOS) and incubating for 1 hour at 37°C.

Results and Discussion

Experiment 1: Observation of BBECs Morphology

In this first experiment, we observed the morphology of BBECs cultured on well coated gelatin using light microscope and BBECs cultured on filter coated gelatin using SEM.

On wells, a light microscopy observation show a confluent monolayer. In this case, cells are spread out, and elongated (Figure 3.1). The observation of cells by the light microscope on filter cannot be performed because of the high scattering of the light by the filters. Cells cultured on porous polyethylene terephthalate (PET) membrane need to be fixed and stained for observation with microscope. To determine the morphology of cells on filters, we carried out an SEM experiment.

The SEM results show that BBECs retain typical endothelial characteristic such as cobblestone morphology. Like in the case on cells cultured on well, here cells formed a confluent monolayer (Figure 3.2). 

Experiment 2: Measurement Integrity of BBECs using Permeability Assays

In this experiment, we want to determine the permeability value of BBECs. BBECs were cultured at passage 5, in costar petri dish coated with gelatin, then seeded at passage 6, onto collagen coated 12-well filter with 0.4 µm pore size for 4 days (Table 3 Table 3.2 shows the permeability's results for filters alone, filters coated with collagen and then when BBECs were growing on the filters. The filter's permeability to LY is 8.5.10 -3 cm.min -1 without coating and 7.3.10 -3 cm.min -1 with collagen coating. These values are very close and suggest that collagen does not obstruct the filter. Also, we observed that the filter is totally non restrictive and does not disturb the assessment of barrier tissue integrity.

Experiment 3: Integrity of BBECs and Biocompatibility with PEDOT(TOS) Using Collagen Coating

In parallel, we wanted to investigate the possibility to grow BBECs directly on CPs for future integration with electronic devices.

In this experiment, BBECs were cultured at passage 5, in costar petri dishes coated with gelatin, then seeded at passage 6, onto 12-well collagen coated filter with 0.4 µm pore size for 4 days (Table 3.3).

We compared BBECs on uncoated filters with filters coated with PEDOT(TOS). This formulation allows easy coating on filters and is explored further in chapter 4. To assess the biocompatibility of PEDOT(TOS) in contact with BBECs, collagen was coated on top of PEDOT(TOS) into filter. Table 3.4 summarizes the results of permeability and TER of each condition.

Table 3.4: Permeability and TER results of the BBECs culture for experiment 3.

For permeability assays, the presence of PEDOT(TOS) does not change the permeability of filter alone, the value changes from 6.10 -3 cm.min -1 to 4.10 -3 cm.min -1 . This value demonstrates that PEDOT(TOS) cover the filters and makes it impermeable to the passage of LY molecules. The permeability of BBECs on collagen coated filter is still really high and the standard variation too (Table 4). In contrast, the TER of controls are respectively 22.6 Ω.cm 2 for filter, 23 Ω.cm 2 for collagen coated filter and 20 Ω.cm 2 for collagen on top of PEDOT(TOS) coated filter. These results demonstrate that the coating does not change the resistance of filter. TER of BBECs on collagen coated filter is a little bit higher (27 Ω.cm 2 ), but still low for assessing barrier integrity. In this experiment, to improve the integrity properties of BBECs, we decided not to change the coating of cells during the experiments from gelatin to collagen. We seed cells on gelatin coated filters to minimalize changes in the cell environment and increased cell seeding to maximize cell contact (Table 3.5). Table 3.5: Details of the BBEC culture for experiment 4. Table 3.6: Permeability and TER results of the BBECs culture for experiment 4.

The permeability of BBECs on gelatin coated filter is 0.2.10 -3 cm.min -1 and the same as BBECs on gelatin on top of PEDOT(TOS) coated filter (Table 3.6). The TER values show that, the control PEDOT(TOS) coated filter is 69.5 Ω.cm 2 . The presence of PEDOT(TOS) modified the resistance of filters without cells. Further, when cells were added, the resistance was lower, around 30 Ω.cm 2 in presence of PEDOT(TOS) or not (Table 3.6). Figure 3.3 shows the immunofluorescence staining of tight junction proteins carried out on BBECs using antibodies against ZO-1, occludin and claudin-1. Control staining of BBECs on gelatin coated filters shows the presence of ZO-1 protein only. There is no staining localization of occludin. However ZO-1 protein is localized on cell periphery. In case of BBECs on gelatin on top of PEDOT(TOS) coated filter, we can observe a nice monolayer but only ZO-1 is also localized. 

Conclusion

BBECs are very sensitive cells. We learned that it is better to grow this cell using a high seeding and a gelatin coating. The PEDOT (TOS) coating of filters shows promising results in term of biocompatibility with BBECs. By SEM, cells appear to form layers on filter, but we cannot take live images because of the refraction of filter on the microscope. The permeability results are high, and the resistance results indicate that BBECs are not forming correct barrier.

To integrate cells with electronic devices in the filter format, we need to get a tight barrier. Together, these conclusions lead us to discontinue the use these cells for our project, so we decided to switch to other model.

In vitro BBB Model Using Human Brain Microvascular Endothelial

Cells (HBMEC)

Generality on Human Brain Microvascular Endothelial Cells (HBMEC)

To increase awareness of the relevance and the necessity for human models in drug testing and diagnostic, we tried to develop a human cell model for BBB.

Human brain microvascular endothelial cells (HBMECs) were isolated from adult human brain microvessels. HBMECs establish the barrier by forming tight junctions between endothelial cells, limiting the diffusion of proteins, large molecules, and maintaining the stable ionic environment vital to the normal functioning of brain cells [4].

Materials and Methods

Cell Culture: HBMEC were purchased from ScienceCell. HBMEC were seeded at 5.10 4 cells onto fibronectin coated (4 μg.cm -2 ), 24 filter 0.4 μm pore size (Millipore), to establish a BBB model. HBMEC were cultured in culture media (ECM, ScienceCell) supplemented with 5% fetal bovine serum, 1% penicillin/streptomycin solution, and 1% growth supplement (ECGS).

For the co-culture model, Human Astrocyte (HA, ScienceCell) were seeded at 5.10 4 cells into the poly-l-lysin coated well or filter (2 μg.cm -2 ). The culture medium (AM) was supplemented with 5% fetal bovine serum, 1% penicillin/streptomycin solution, and 1% growth supplement (AGS). All cells were cultured in a humidified 37 °C incubator with 5% CO 2 . HA-conditioned medium was collected from confluent HA monolayers. Media was changed every 2 days.

Cortical Neurons (CN) from rat, were kindly donated by Dr. Noelle Callizot of the Neurosys company, Gardanne. These cells were seeded into well or filter at a density of 3.10 4 cells (24 plate or filter, Millipore). All well was coated with 2 μg.cm -2 poly-llysine (Sigma Aldrich) for 1 h at 37 °C. CN were routinely maintained at 37 °C in a humidified atmosphere of 5% CO2 in culture medium containing neurobasal medium (Invitrogen) supplemented with 2% B27 nutrient supplement (Invitrogen), 2 mM lglutamine (Invitrogen), 1% of Penicillin-Streptomycin (Invitrogen) and 10 ng/ml of Brain-Derived Neurotrophic Factor (BDNF, Invitrogen). Media was changed every 2 days.

Permeability assay: Lucifer yellow is added to the apical side of the membrane and the transport of the compound across the monolayer is monitored after 1 h incubation at 37 °C in a humidified CO 2 incubator. From the fluorescence, the Apparent Permeability (Papp) is obtained from the follow equation: Papp = ((Flux×Vbas)/t)×(1/Co×A) and Flux = 100×(LYbas×Vbas)/(LYapi×Vapi)

Where LYbas and LYapi are the concentration of Lucifer Yellow in the basal and apical sides of the hanging porous filter; Vbas and Vapi are the volume of Lucifer Yellow in the basal and apical sides. The t is the time of incubation, A is the area of the filter and Co is the initial concentration in the donor compartment. When the Papp < or = at 1.10 -6 cm/s, the cells are differentiated, mean that cells become a more specialized cell type.

BBB in vitro model: As mentioned in chapter 2, co-culture of BBB with HA and CN has been shown to increase brain endothelial cells properties. To monitor barrier integrity of in vitro model of BBB, three different models are tested (Figure 3.4). A contact co culture known to increase expression of TJ proteins, and P-glycoprotein (Pgp) on the endothelial cells is used [5]. The HA or CN are cultured onto the membrane underside for few hours in incubator. Then Brain endothelial cells are seeded in apical side of filter for cell-cell contact for the rest of experiment (Figure 3.5). A no contact co-culture model of endothelial cells and astrocytes or neuron was tested. The co culture format permits to increase TJ resistance between the endothelial cells compared to endothelial cells grown alone [7]. A monoculture is also used as a control; a simple model cultured with endothelial media and also with astrocyte conditioned media.

CellZscope Measurements were carried out as in section 3.2.2.

Immunofluorescence of tight junction was carried out as in section 3.2.2.

Actin staining:

The cytoskeletal organization can be performed by the visualization of the actin cytoskeleton in cells. HBMEC were fixed with 4% formaldehyde in PBS at room temperature for 10 min and then permeabilized for 10 min with 0.1%. Triton X-100 in PBS containing 1% BSA. The cells were then incubated with rhodaminephalloidine (Molecular Probes) for 30 min. After washing, cells were incubated for 5 min at room temperature with Fluoroshield with DAPI (Sigma Aldrich), then mounted and examined with a fluorescent microscope (AxioVision).

Experiment 1: Immunofluorescence Time Course of HBMEC

In order to observe tight junction formation of HBMEC, immunofluorescence staining of ZO-1 and Claudin 5 proteins is done at day 2, 4 and 6. For this experiment, HBMEC were seeded (5.10 4 cell/well) on wells at passage 6. At day 2, only ZO-1 is present on the periphery of the cell. At day 4, the presence of claudin 5 protein is observed but the intensity is low compared to ZO-1 on the same day. At day 6, both tight junction proteins are localized with high intensity in HBMEC.

Experiment 2: Integrity of Monoculture and Contact Co-culture of HBMEC

To establish an in vitro model of the BBB, HBMEC and HA were cultured as described in figure 3.7. For co-culture (3 samples are tested for each condition (N=3)) , HA at passage 1 (P1) were seeded (5.10 4 cells/filter) in the bottom of inversed 24 filters with 0.4 µm pore size (Millipore), and left for 2h in incubator for adhesion. 2 or 4 days after, HBMEC at passage 5 (P5) were seeded (5.10 4 cells/filter) at into filter in apical side. This co-culture is a contact model: there is cell to cell contact between the HBMEC (on the filter) and the HA (on the bottom of the filter). For monoculture (N=3) only HBMEC were seeded with endothelial media on the filter. The TER of HBMEC is low, under 30 Ω.cm 2 . The maximal TER values measured with the CellZscope were obtained with the monoculture. But the differences of TER between the conditions are not significant. The presence of HA, 2 or 4 days before, in contact with HBMEC did not increase the resistance of the monolayer (Figure 3.8a). For the Papp, the results do not show any difference between the conditions (Figure 3.8b). The Papp of HBMEC is still close to filter alone (range of filter alone is 10 - 4 cm.s -1 , data not shown). Figure 3.8: (a).TER recorded by the CellZscope system of contact co-culture at 8 days (black), contact co-culture at 6 days (red) and monoculture at 10 days (blue). (b). Apparent permeability of contact co-culture at 8 days (black), contact co-culture at 6 days (red) and monoculture at 10 days (blue). In this experiment (Figure 3.9), to get better results on barrier tightness, the seeding concentration were increased and the pore size of filter also in order to have better cell -cell contact. Further, a HA conditioned media is used to improve brain endothelial performance. The contact co-culture (N=3) is composed of HA at passage 2 (P2) seeded (2.10 5 cells/filter) in the bottom of 24 filter with 8 µm pore size (Millipore) and HBMEC at passage 9 (P9) seeded (2.10 5 cells/filter) under the filter. The non contact co-culture (N=3) is composed with HA at passage 2 (P2) seeded (2.10 5 cells/well) in the bottom of well and HBMEC at passage 9 (P9) seeded (2.10 5 cells/filter) under the filter. The monoculture conditioned (N=3) is composed with HBMEC at passage 9 (P9) (2.10 5 cells/filter) cultured in HA media on the basal side. Figure 3.10: (a).TER recorded by the CellZscope system of contact co-culture at 8 days (black), no contact co-culture at 8 day (red) and monoculture conditioned at 8 days (blue). (b). Apparent permeability of contact co-culture at 8 days (black), no contact co-culture at 8 days (red) and monoculture conditioned at 8 days (blue).

Phalloidin staining of cells fixed on filter shows the distribution of cytoskeletal Factin on HBMEC (Figure 3.11). The HBMEC on well (control) show stronger fluorescence in comparison with HBMEC on filter. In the control cells were spread out uniformly. Also, actin filaments are detectable as a network on control (Figure 3.11a). On filter, we can observe morphological alterations on monolayer with the presence of vacuole on the contact co-culture (Figure 3.11b), the non contact coculture (Figure 3.11c) and the monoculture conditioned (Figure 3.11d).

The presence of these holes can explain the low TER and high permeability of HBMEC. In the previous experiment, we observed the presence of holes in HBMEC monolayer. We supposed that these holes appear by a lack of extra cellular matrix (ECM) on the filter. The ECM is known to have an impact on the barrier function of brain endothelial cells [8].

To assess the role of ECM on the integrity of HBMEC, cells were first seeded on fibronectin pre coated filters to promote adhesion by depositing endogenous extracellular matrix. Then cells are removed using trypsination (Figure 3.12a). Finally, a second seeding of cells was done and two conditions are tested: the contact co-culture and the monoculture conditioned media (Figure 3.12b). The contact coculture (N=2) is composed with HA at passage 2 (P2) seeded (2.10 5 cells/filter) in the bottom of 24 filter with 8 µm pore size (Millipore) and HBMEC at passage 9 (P9) seeded (2.10 5 cells/filter) under the filter. The monoculture conditioned (N=2) is composed with HBMEC at passage 9 (P9) seeded (2.10 5 .cells/filter) in HA's media on the basal side. Establishment of endogenous extracellular matrices derived from HBMEC and HA, adapted from experimental cell research, Hartmann C et al., [8]. (b). Organization of the experiment. Figure 3.13 provides the TER and Papp data recorded after deposition of endogenous extracellular matrix of monoculture conditioned and contact co-culture condition. For TER, we reported a significant difference on resistance between the two conditions. The monoculture conditioned model show a low TER around 10 Ω.cm 2 while the contact co-culture reveals a high TER around 120 Ω.cm 2 . The contact co-culture looks like a tighter model than the monoculture conditioned. The Papp data displayed a permeability around 1.10 -4 cm.s -1 for both conditions. The experiment suggests the importance of endogenous ECM on the resistance of HBMEC in contact with HA. Nevertheless, the TER and Papp results are not consistent, possibly due to issues related to a malfunctioning of some for the cellZscope electrodes. This experiment would need to be repeated for confirmation. .TER recorded by the CellZscope system of contact co-culture supplemented with hydrocortisone at 8 days (black), contact co-culture at 8 days (red), no contact supplemented with hydrocortisone at 8 days (blue), no contact coculture at 8 days (purple), monoculture conditioned supplemented with hydrocortisone at 8 days (green) and monoculture conditioned at 8 days (dark blue). (b). Apparent permeability of system of contact co-culture supplemented with hydrocortisone at 8 days (black), contact co-culture at 8 days (red), no contact supplemented with hydrocortisone at 8 days (blue), no contact co-culture at 8 days (purple), monoculture conditioned supplemented with hydrocortisone at 8 days (green) and monoculture conditioned at 8 day (dark blue).

Conclusion

HBMEC show promising results in contact or monoculture with conditioned media model. Also, the presence of endogeneous ECM seems to improve the integrity of the monolayer. However, this would need to be repeated in future experiments. A major problem however with this model is the high cost and their inconstancy after a limited number of passages. The filter format suggests the difficulty of cells to grow properly on porous membrane compare to planar substrate like well. Further investigation is needed to validate the HBMEC cell line for a human in vitro BBB model in terms of barrier tightness and paracellular permeability in order to integrate it with electronic devices.

In vitro BBB Model Using Immortalized Human Cerebral

Microvascular Endothelial Cells (hCMEC/D3)

Generality on Immortalized Human Cerebral Microvascular Endothelial Cell (hCMEC/D3)

The immortalized human cerebral microvascular endothelial cell line hCMEC/D3 presents a more stable phenotype that primary human brain microvascular endothelial cells (HBMEC's) for use in constructing in vitro models of the BBB [10]. hCMEC/D3 For this experiment, hCMEC/D3 cells were seeded (5.10 4 cells/well) on wells at passage 26. The time course of immunofluorescence of ZO-1 and Claudin 5 proteins at day 2, 4 and 6 of hCMEC/D3 cells show that the ZO-1 protein is found in early stages at day 2 (Figure 3.16). The protein is well staining localized on cells and shows a uniform presence on the confluent monolayer at day 6. For the claudin 5 protein formation on hCMEC/D3 cells, we observed that this protein is formed at later stages. At day 4, we saw a diffuse claudin 5 localization with occasional punctate staining. Finally at day 6, a well localization of claudin 5 is observed, but the organization of this protein is not homogeneous.

The immunofluorescence time course experiment allowed confirmation that from the day 6 cells possess the important protein for BBB integrity. Therefore, we considered it optimal to measure the integrity of the barrier after day 6. .TER recorded by the CellZscope system of contact co-culture at 8 days (black), no contact co-culture at 8 days (red) and monoculture conditioned at 8 days (blue). (b). Apparent permeability of contact co-culture at 8 days (black), no contact co-culture at 8 days (red) and monoculture conditioned at 8 days (blue). .TER recorded by the CellZscope system of contact co-culture with CN (black), contact co-culture with CN (red), no contact co-culture with CN (blue), no contact co-culture with HA (purple) and monoculture conditioned HA media (dark blue). (b). Apparent permeability of contact co-culture with CN (black), contact coculture with CN (red), no contact co-culture with CN (blue), no contact co-culture with HA (purple) and monoculture conditioned HA media (dark blue).

Conclusion

Compared to HBMEC, the h CMEC/D3 cells seem to be a tighter barrier (Table 3.7). hCMEC/D3 cell line show encouraging results co-cultured with HA or CN and in monoculture with HA conditioned media. Although to increase the tightness and the barrier properties, the filter format appears not to be the better configuration for studying human BBB function. (ethylene glycol to PEDOT:PSS) to increase conductivity. Dodecylbenzenesulfonic acid (DBSA) (0.5μL.mL -1 ) was added as a surfactant to improve film formation, and 3-glycidoxypropyltrimethoxysilane (GOPS) (10 mg.mL - 1 ) was added as a cross-linker to improve film stability. Thermally evaporated gold source and drain contacts were defined via lift-off lithography. Channel dimensions were patterned using a parylene peel-off technique, resulting in a channel active area width and length of 100 µm and 10 µm, respectively. Following PEDOT: PSS deposition, devices were baked for 1 h at 140 °C in atmospheric conditions. For electronic measurements; an Ag/AgCl was used as the gate electrode. All measurements were made using a National Instruments (NI) PXIe-1062Q system with a NI PXI-4071 Digital MultiMeter (DMM) for the AC current measurement. Cell media was used as the electrolyte. Measurements were performed at ambient temperature.

Cell Culture of hCMEC/D3 was carried out as in section 3.4.2.

Results and Discussion of Integrity of hCMEC/D3 Using OECT Measurement

From all three models tested, the hCMEC/D3 model seems the best, so we decided to test it with the OECT. A no contact co-culture of hCMEC/D3 cells with CN was used. In this case, CN were cultured (3.10 5 cells/well) in the bottom well, and hCMEC/D3 at passage 28 (P28) are seeded (2.10 5 cells/filter) on the 24 filter 8µm pore size (Millipore) 24 hours after for 8 days. The measurement was first performed on filter without cells, then with hCMEC/D3 non contact co-culture with CN. A scratch on filter with cells was done at the end, to mechanically destroy the monolayer. Figure 3.22 show the results of OECT transconductance response versus frequency. As described in chapter 1, transconductance is a key figure of merit for OECT and represents ratio between the drain current (I DS ) divide by the gate voltage (V g ). We noted, that there were no differences in the OECT behavior in presence of cells or not. hCMEC/D3 in filter format appears to be insufficiently sensitive to distinguish the barrier properties of hCMEC/D3. In agreement with the TER results obtained using the CellZscope, the BBB model appears to be non-functional with respect to blocking ion flow. 

Conclusion

OECT assays, known to be very sensitive do not permit to detect cells on filter. There is no difference on the measurement with or without cell. One possible reason is that cells are not correctly forming homogenous monolayers on the filters and that a solution would be to seed directly BBB cells on OECT in planar configuration.

Conclusion

In this chapter, we investigated the relevance of the different type of BBB culture model for use as an in vitro BBB model. Biological methods that we used are generally use in academic laboratories to assess barrier integrity. On the basis of this study, the following specific conclusions can be drawn: the standard methods are not the most appropriate way to estimate the integrity of BBB tissue. These methods use a porous membrane of filter which appear not adaptable to a good growth of BBB endothelial cells.

The use of OECT in this configuration does not show encouraging results. One promising way is to perform an inverted model culture seeding the brain endothelial cells directly on OECT planar configuration without filter [14]. For that, the next step, will to evaluate the biocompatibility of BBB cell with OECT material especially the conducting polymer PEDOT.

One option for OECT device configuration is to coat filter directly with PEDOT(TOS) and integrate this into the device. The following chapter describes the optimization of the adhesion of brain endothelial cell on PEDOT(TOS) coated filters. Adhesion to substrate or to neighboring cell is an essential process in epithelial/endothelial cell growth. BBB adhesion is built upon on the synergy between cells and the basement membrane. To mimic this basement membrane, gelatin, an extracellular matrix (ECM) protein is used. Here we incorporate gelatin with PEDOT using a new method: Vapor Phase Polymerisation (VPP). We prepared PEDOT(TOS):gelatin composites as a new biocompatible substrate, to promote brain capillary endothelial cell adhesion and growth in order to increase the sensitivity of the system for future use in an in vitro model of the BBB with integrated organic electronic devices for measuring tissue layer integrity. This remains a promising option for future integration of BBB models with OECT.

In this manuscript my roles were the following: I did the cell culture, the characterisation of cell growth, the preparation of PEDOT films and the characterization of these film using immunofluorescence, scanning electron microscope, contact angle and atomic force microscopy.

Introduction

The use of conducting polymers (CPs) in biological applications is becoming increasingly widespread [1]. Many studies have now shown the interaction of CPs with living tissue [2,3], neurons [4] and proteins [5]. Poly(3,4 ethylenedioxythiophene) (PEDOT)-based CPs are emerging as champion materials for interfacing with biology, with good film-forming properties and excellent chemical stability [6,7]: for example, PEDOT doped with the water dispersible polystyrenesulfonate (PEDOT(PSS)) and PEDOT doped with tosylate anion (PEDOT(TOS)). Both these polymers, PEDOT(PSS) and PEDOT(TOS), have good biocompatibility with biological elements, but the ability of cells to adhere and grow on these materials is still not completely understood.

Cellular adhesion is an important process, both for adhesion to substrates and adhesion to adjacent cells. Cells generate contractile forces through interactions with their supporting microenvironment which are transmitted through the substrate by mechanotransduction [8,9]. The surface of the substrate can also change the interactions and induce an internal reorganization of cellular architecture. The behaviour of cells on surfaces of varying rigidity or 'hardness' can be indicative of a particular phenotype: for example, the growth of cells on "soft"gels is now used as a means to identify cancer cells [10]. Cell-cell interactions are mediated by tight contacts and are crucial for cell morphology, function and growth. However, this adhesion is dependent on the interaction between cells and extracellular matrix (ECM) proteins which are known to support cell attachment and growth [11]. Examples of extracellular matrix proteins include fibronectin, laminin and collagen. Gelatin is a derivative of collagen, one of the most well-known ECM proteins.

A wide variety of bio-materials are used in tissue engineering and it is known that the choice of materials can influence the behaviour of cells [12]. CPs have frequently been studied as a potential new material in tissue engineering due to their ability to conduct ions and electrons, with potential applications in electrically controlled drug release [13], release of cells from surfaces [14], controlled alignment of muscle fibres [15] and many more [16]. For example, Schmidt and Nickels demonstrated that the CP polypyrrole created topographical cues for neuronal cells and had an effect on axon orientation [17]. Several groups have made composites of CPs and biomolecules, frequently via electropolymerisation, through incorporation of the desired species in the electrolyte solution [18]. Often, the goal for incorporation of the biospecies is to improve the interface with the CP. Although certain cell types have been demonstrated to grow directly on CPs including epithelial cells [12], endothelial cells [19], human breast cancer cells and fibroblasts [180], often extracellular matrix proteins are coated onto the substrates to enhance adhesion. Certain cells adhere very poorly even to tissue culture treated plastic substrates, a surface that has been specially treated (by a corona discharge) to encourage cell growth, therefore necessitating the addition of an exogenously added ECM protein. When adding biospecies to CPs, two concerns must be addressed. First, the functionality of the biospecies should not be damaged during the polymerisation process or during subsequent processing steps. Second, the electrical properties of the CP should not suffer due to the incorporation of the biomolecule. Previous incorporation of proteins such as growth factors or ECM proteins into PEDOT films via electropolymerisation has been shown to result in both decreased electroactivity and poor mechanical properties [20,21] attributed to changes in the rate of polymerisation. Incorporation of the ECM component hyaluronic acid into polypyrrole by electropolymerisation encouraged angiogenesis, but the resulting film was brittle with a four orders of magnitude lower conductivity [22].

One cell type known to require gelatin for adhesion is capillary endothelial cells of the blood-brain barrier (BBB) [23]. The BBB is a dynamic, physiological and metabolic barrier separating the blood from the central nervous system and is essential for maintaining brain homeostasis and enabling proper neuronal function. The BBB consists of endothelial cells lining the blood vessels (or capillaries) in the brain [24]. This barrier is very selective and impermeable. However when this barrier is altered, diseases such as multiple sclerosis, Alzheimer's, Parkinson's and other neurodegenerative disorders can occur [25]. The limitation of current treatments can help for understanding the complex functioning of the central nervous system and its interaction with the BBB. Thus, as in other tissue engineering strategies, the ability to develop an in vitro BBB model environment becomes a key element to successful tissue engineering [26]. In this study, we set out to determine if CP composites can be a suitable substrate for bovine brain capillary endothelial cell (BBCEC) adhesion, for future use in an in vitro model of blood-brain barrier with integrated organic electronic devices for measuring the integrity of this tissue layer [27]. Herein, we show a new method for preparation of PEDOT(TOS) composites with the biomolecule gelatin to promote BBCEC adhesion and growth on composite films. The method was designed not only to maintain the electrical properties of the CP, but also to retain the functionality of the biomolecule.

Materials and Methods

Materials

Anhydrous iron(III) para-toluenesulphonate (Fe(III)TOS) was obtained by vacuum drying of a 40% solution in butanol (ex.Yacoo Chemical Co., Ltd.) for 48 h at 50 °C. Gelatin (G2500) was purchased from Sigma Aldrich. Pyridine was from BDH Chemicals and acetic acid (glacial) was purchased from Ajax Chemicals.

Vapor Phase Polymerisation of PEDOT(TOS) and PEDOT(TOS) Composite Films

To promote adhesion between the final PEDOT film and the substrate, glass slides were coated with plasma polymerised maleic anhydride prior to deposition of the oxidant solution. PEDOT(TOS):gelatin composites were prepared by dissolving 419 mg of Fe(III)TOS in 0.80 mL of 1 : 1.67 water : acetic acid (v/v) mixture in a vial and 24 mL of pyridine was added and vigorously stirred. In a separate vial, gelatin (35.4 mg and 70 mg for PEDOT(TOS):gelatin 1 : 1 and 1 : 2 ratios, respectively) was dissolved in 0.625 mL of 1 : 1.5 water : acetic acid (v/v). Gelatin was used at 1 : 1 and 1 : 2 for the CV experiments but otherwise the ratio was maintained at 1 : 1 throughout. Gelatin was omitted for PEDOT(TOS). The oxidant mixture was then added to the gelatin solution and stirred to mix thoroughly. The oxidant solution was spun onto the substrates (either glass slides or 96-well tissue culture treated plastic plates) at 1500 rpm for 30 s and placed directly in the vapor phase polymerisation chamber without a drying step. The vaporization chamber, containing an EDOT monomer (HD Stark or Yacoo Chemical Co., Ltd.), was kept in an oven at 70 °C, at ambient pressure. EDOT was allowed to polymerise on the coated substrates for 30 min to about an hour. After polymerisation the film was cooled to room temperature and washed with ethanol three times to remove excess Fe(III)TOS and unpolymerised EDOT monomer. Protein coated substrates were prepared by depositing gelatin (2 ug . mL -1 ) or BSA (5 ug . mL -1 ) onto substrates (either glass slides or 96-well tissue culture treated plastic plates or already prepared PEDOT(TOS) films) and incubating for 1 hour at 37 °C. For contact angle experiments alternative samples were prepared by spin-coating the protein samples onto the substrate and then baking at 70 °C for 30 minutes.

Characterisation of PEDOT(TOS) and PEDOT(TOS) Composite Films

XPS. PEDOT(TOS) or PEDOT(TOS):gelatin 1 : 1 composites were coated on glass slides. XPS measurements were carried out on a SSI S-Probe XPS Spectrometer.

NanoSIMs. PEDOT(TOS) or PEDOT(TOS):gelatin 1 : 1 composites were coated on glass slides. Secondary ion mass spectrometry was performed using Cs+ ion bombardment and negative ion detection on a Cameca NanoSIMS 50L.

Cyclic voltammetry (CV)

. PEDOT(TOS) or PEDOT(TOS):gelatin coated Au mylar was scanned in 0.05 M NaTOS, Ph 6.9 (bubbled with nitrogen for about 10 min prior to scanning) at 20 mV s -1 . Ag/AgCl (3 M NaCl) and Pt wire were used as reference and counter electrodes, respectively. Swelling measurement. PEDOT(TOS):gelatin 1 : 1 was coated on a quartz crystal microbalance (QCM) crystal. The composite coated crystal was immersed into water or Dulbecco's Modified Eagle's Medium (DMEM). The change in mass was monitored for 7 days.

Conductivity measurement. PEDOT(TOS) or PEDOT(TOS):gelatin composites were coated on glass slides. Sheet resistance was measured using Jandel four point probes. The thickness of the films was measured using a Veeco Dektak 150 Profilometer. The conductivity was then calculated from ϭ (S cm -1 ) = 1/thickness (cm)/sheet resistance (ohm).

Contact angle.

In order discriminate the nature of polar or apolar interactions at the solid-liquid interface, a contact angle (Apollo Instruments) measurement was conducted. Water is used in measuring the liquid contact angle to deduce the hydrophobicity (wide angle, low surface energy) or hydrophilicity (small angle, high surface energy) of the surface. 5 µL drops were used and three measurements were taken for each sample. Contact angle images were analysed by SCAN 20 software.

Atomic force microscopy.

To determine the roughness of the surfaces, an atomic force microscope (AFM, Veeco, Autoprobe SP II) was applied to scan three different areas of surface for each sample with an area of 1 um 2 , and then to take the image of the surface in tapping mode. The tapping images were analysed by Windows Scanning X Microscope software to obtain the topography of the surface and the roughness parameters.

Scanning electron microscopy.

To assess the film morphology, a scanning electronmicroscope (SEM, Ultra 55, Carl Zeiss) was used.

Cell Culture and Characterisation of Cell Growth and Proliferation

Bovine Brain Endothelial Cells (BBECs) were a kind gift of the University Lille Nord de France, U. Artois, BBB Laboratory (LBHE). The BBECs were cultured at 37 °C in 5% CO 2 humidified incubators, in DMEM supplemented with 10% heat inactivated new-born calf serum (CS) (Invitrogen), 10% heat inactivated horse serum (HS) (Invitrogen), 2 mM glutamine (GlutamaxTM-1, Invitrogen), 50 ug mL -1 gentamicin and 1 ng ml -1 basic fibroblast growth factor (bFGF) (Sigma Aldrich). The cells were detached by trypsinisation (0.05% trypsin-EDTA 1X, Invitrogen) and the numbers were determined by a cell counter (Scepter handheld automated cell counter, Millipore).

Cell adhesion and proliferation tests.

A 96-well cell culture dish (approximate area: 0.3 cm 2 ) was coated with the CP composites according to the procedure described above. Each coated substrate was sterilized for 20 min in 70% ethanol and rinsed twice with PBS. Cells were seeded at a concentration of 10 3 cells per well. An not only did not decrease the electrical properties of the CP, but actually increased the conductivity [30]. A particular difficulty to overcome, when using iron(III) as an oxidant for PEDOT VPP in combination with a hydrophilic polymer with a large number of active groups, is to avoid the coordination of Fe(III) to these groups and thereby avoiding the formation of a gel during the mixing of the VPP precursors. This was overcome by changing the solvent system to a combination of water and acetic acid, where the acetic acid preferably coordinated to Fe(III) and thereby prevented gelation. As acetic acid is a weak acid, it was thought to be a good choice to avoid denaturation of biomolecules included in the oxidant solution.

To fully characterise PEDOT(TOS):gelatin composites, a variety of substrates were prepared, including PEDOT(TOS), PEDOT(TOS) overlays (coated) with either gelatin or a control protein bovine serum albumin (BSA): PEDOT(TOS) + gelatin, PEDOT(TOS) + BSA, and PEDOT(TOS) polymer composites with either gelatin or BSA: PEDOT(TOS):gelatin and PEDOT-(TOS):BSA. For cell culture experiments, films or proteins alone were coated onto 96-well tissue culture plates and therefore an additional control was included of the plastic well alone (well).

Gelatin is a polypeptide that consists of different protein fractions resulting from the degradation of the inter-and intramolecular hydrogen bonds that constitute collagen molecules. The particular type of gelatin used was from porcine skin, prepared from acid cured tissue, with an estimated molecular weight of 50-100 kDa. The molecular weight of the EDOT monomer is 142 Da. To verify the presence of gelatin in the composite films, X-ray Photoelectron Spectroscopy (XPS) and Secondary Ion Mass Spectroscopy (NanoSIMS) analysis were performed. Representative traces from XPS are shown in Figure 4.1. The appearance of a nitrogen peak, present in the multiple amine groups of gelatin, is obvious in the PEDOT(TOS):gelatin trace, but is absent in the PEDOT(TOS) trace. The percentage of the individual elements taken from multiple spots on the composite films is shown in Table 4.S1 in the ESI. † The average percentages in the PEDOT(TOS) film were 28%, 64%, and 7% for oxygen, carbon, and sulphur respectively, with negligible nitrogen present. The average percentages in the PEDOT-(TOS):gelatin films were 28%, 62%, 4% and 5% for oxygen, carbon, sulphur and nitrogen, respectively. A final confirmation of the presence of gelatin in the composite films was carried out using immunofluorescence. This was done using an anti-gelatin antibody which was hypothesised to bind to epitopes on surface exposed gelatin molecules. This was deemed of relevance since for tissue engineering applications on two dimensional substrates, it is the surface exposed gelatin which is seen by the cells and mediates potential adhesion. Figure 4.3 shows the results of the immunofluorescence staining of PEDOT(TOS) composite films in comparison with controls. In panel A, PEDOT(TOS) alone, no gelatin presence is observed, as expected. Panel 3B shows a well coated with gelatin and shows that the protein is relatively evenly distributed over the whole sample although there is some evidence of protein aggregation which might explain the bright points in the images. The same appears to be true for panels 3C and 3D whether the gelatin is coated on top of the film (3C) or present in a composite (3D). Although in this instance the electrical properties of the PEDOT(TOS):gelatin films were not used for modulating adhesion of mammalian cells, an evaluation of the electrochemical properties of the films was carried out to ensure that there was no adverse effect on the CP through the introduction of the gelatin protein. CVs of PEDOT(TOS):gelatin 1 : 1 and 1 : 2 (Figure 4.4) showed typical electrochemical characteristics for PEDOT [30,31] indicating that the incorporation of gelatin, for these ratios, did not significantly change the electrochemical properties of PEDOT. The conductivity of PEDOT(TOS):gelatin 1 : 1 was in the same range as the PEDOT(TOS) which was about 310 S cm -1 . The dilution effect was obvious with PEDOT-(TOS):gelatin 1 : 2 where the conductivity was about 200 S cm -1 . This trend is apparently different from PEDOT(TOS)poly-(ethylene glycol) ((PEDOT(TOS):PEG)) where the conductivity increased with higher quantities of PEG in the composites [30,32]. A variety of different factors are known to mediate cellular adhesion to substrates. It is known that the surface morphology of the substrate can have a significant influence on the adhesion, proliferation and function of cells in addition to the surface chemistry [33]. Since the primary mechanism of adhesion to the composite films in this study is expected to be via the mediation of an extracellular matrix protein, PEDOT(TOS) films were characterised in terms of surface chemistry (contact angle measurements) and roughness (AFM analysis). BSA, a 66 kDa globular protein, was used as a control. The results are summarized in Table 4.1. We observed that the roughness values of gelatin and BSA films are 1.7 nm ± 0.9 nm and 2.2 nm respectively. The roughness of PEDOT(TOS) films averaged at 17.7 nm ± 1.8 nm. When PEDOT(TOS) is layered with gelatin and BSA, the roughness decreases (12.7 nm ± 1.7 nm for PEDOT(TOS) + gelatin and 7 nm ± 0.5 nm for PEDOT(TOS) + BSA), appearing to indicate that gelatin and BSA smooth out the films when coated on top. Roughnesses of 20.7 nm ± 1.6 nm for PEDOT(TOS):gelatin and 23.7 nm ± 3.2 nm for PEDOT(TOS):BSA indicated that the morphology of the films did not change greatly as compared with PEDOT(TOS) when the proteins were combined as a composite. SEM images (ESI, Figure 4.1) indicate that there is not a large difference in morphology between PEDOT(TOS) and PEDOT(TOS):gelatin films.

ESI, Figure 4. 1: SEM of PEDOT(TOS) and PEDOT(TOS):gelatin

Surfaces with contact angle values > 90° are generally considered to be hydrophobic [34]. Contact angle results (Table 4.1) established that PEDOT(TOS) films have surfaces that can be considered relatively hydrophilic with contact angles of 49.3°± 6°, compared to glass slides which can be considered very hydrophilic. Due to a potential difference in humidity depending on whether substrates were prepared by baking (in the case of the PEDOT(TOS) composites) or by incubation at 37 °C in a humidified incubator (in the case of the BSA or gelatin overlayed samples), controls were measured of protein coated samples prepared in both ways, by baking or incubation. No significant difference was seen in the contact angle values. Films with BSA, either alone, overlayed on PEDOT(TOS) or in a composite with PEDOT(TOS), had invariant contact angles all around 60°. Interestingly, films of gelatin alone or gelatin overlayed on PEDOT(TOS) had contact angles similar to PEDOT(TOS) alone, however, the PEDOT(TOS):gelatin composite was significantly more hydrophobic. Gelatin is often considered a hydrogel and therefore could be expected to be hydrophilic. It has been reported that due to the relative freedom of randomly coiled gelatin molecules, there is a reorganization of hydrophilic moieties at the surface, resulting in a consistently higher contact angle (50-70°) than might be expected from a hydrogel ( ̴ 10 to 20°) [35]. At 67.4° the contact angle value of the PEDOT(TOS):gelatin composite suggests that there may be an additional molecular reorganisation at the surface of this film resulting in an even higher contact angle than the coated films. 

Growth of Bovine BBCEC on PEDOT(TOS) Composite Films

To address the biocompatibility of the prepared composite films, bovine brain capillary endothelial cells (BBCECs) were observed 3 hours after cell seeding (Figure 4.5 (1)). On all substrates, the cell seeding concentration was identical. The number of cells in each well was relatively constant; cells were isolated and well distributed. We observed a difference in cell morphology depending on the coating used. In the case of the wells alone or coated with gelatin, PEDOT(TOS) + gelatin or PEDOT(TOS):gelatin, the cells are elongated which is a good indication for initial adhesion, a necessary step for future proliferation [36,37]. In the case of all other wells, cells remained round and non-elongated. To determine the viability of the BBCEC on the polymer composites, a calcein-AM-propidium iodide assay was carried out (Figure 4.5 (2)). Calcein-AM stains the live cells green and propidium iodide stains the dead cells red. Again to control rigorously the effects that might be due to a non-specific protein interaction, BSA was included as a control. It is clear from Figure 4.5 that BSA does not support cell adhesion and therefore cell viability. In all wells containing BSA, either coated directly on the well (D), overlayed on PEDOT(TOS) (F) or in a composite with PEDOT(TOS) (H), cells died and formed clusters. This result was expected, as there is no evidence to suggest that BSA can support the adhesion of cells. In the case of the control well and the PEDOT(TOS) films either with overlayed gelatin or with gelatin as a composite, cells were alive and evenly spread out.PEDOT(TOS) alone was also unable to support cell growth. This result shows a similar trend to the initial adhesion data. Although exogenously added ECM proteins are thought to be important specifically during the adhesion process, after which cells usually produce their own adhesion proteins, the stability of the gelatin within the film was also determined by a QCM swelling experiment. The results show that the composite films had a water uptake in the same level as PEDOT(TOS):PEG (ESI, Figure 4 The MTT assay reflects the level of cell metabolism [38]. The results for the MTT assay for viability of growth of BBECs on the tested films are shown with the relative cell growth rates (Figure 4.6). Although multiple wash steps are carried out in both ethanol and PBS, this quantitative assay was designed to investigate changes in cell metabolism caused by substances that may leach out of the PEDOT(TOS) films (such as gelatin fragments, tosylate ions and unpolymerised EDOT monomers). The viability for the growth rate of BBECs is determined by measuring the absorbance of the formazan solution. Substrates coated with PEDOT(TOS) +/-biomolecules were seeded with BBCEC as before. Results shown in Figure 4.6 indicate that although the well alone (tissue culture treated plastic (2)) supports the growth of BBCECs, wells coated with gelatin (1) have a greater relative growth rate. In addition, when gelatin was added to PEDOT(TOS) either by overlaying (5) or in a composite (7), the viability of cells cultured decreased only slightly compared to that of control cells grown on the tissue culture well coated with gelatin. However as was noted for the adhesion and viability assays in Figure 4.5, BSA was unable to support cell growth either coated directly onto the well, or integrated with PEDOT(TOS) as an overlay or as a composite. As before, PEDOT(TOS) alone did not support cell growth. 

Conclusions

Our results clearly show that PEDOT(TOS):gelatin composites not only maintain electrochemical properties of the CP, but also retain the functionality of the incorporated biomolecule. We demonstrate that the gelatin composite materials had relatively little change in characteristics with respect to roughness, contact angle and morphology of PEDOT(TOS). The PEDOT-(TOS):gelatin composite materials allowed the growth of BBECs while the PEDOT(TOS) films did not. The cell growth on PEDOT(TOS):gelatin composite films was shown to be specific to the gelatin protein, as PEDOT(TOS):BSA films used as a control could not support cell growth. This demonstrates that the mediation of cell adhesion was as a result of the specific functionality of the gelatin protein, and not a non-specific protein effect, implying that the VPP method used was nondestructive to the protein. In this study we have demonstrated for the first time a method for preparation of CP-biomolecule composite films which not only retain the functionality of the biospecies but also maintain the electrical properties of the CP. Although a complete characterisation of molecular interactions between the cells and the polymer surface is warranted, our results support the use of CP composites in tissue engineering and open the possibility of controlling cell behaviour electrically using such composites.

Parallel development of OECT devices by members of the Owens-Malliaras group focused on miniaturization of these devices. However as explained in chapter 2, section 2.4.1, these miniaturized devices are not compatible with a non-planar, filter format. The following chapter is a manuscript in preparation describing results obtained combining two main points: 1) cells were grown directly on the PEDOT: PSS channel to improve homogeneity of cell viability and reduce defects in the cell layer, and 2) the use of a miniaturized device resulted in increased sensitivity. In this manuscript my role consisted of the following: I did the cell culture and I learned how to set up the OECT experiment. I performed the monitoring of BBB cells with the microscale OECT and I analyzed the data.

This chapter corresponds to an article in preparation:

Manuelle Bongo, Marc Ramuz, Jonathan Rivnay, Pierre Leleux, Roisin Owens.

Organic electrochemical transistors for measuring Blood Brain Barrier tissue integrity. In preparation for submission to Toxicology In vitro

Introduction

The BBB is a specialized endothelial tissue which consists of a very selective barrier formed of brain microvascular endothelial cells which restrict the passage of substances from the blood to the brain [1]. The BBB expresses a high number of ion channels and transporters, has a low rate of pinocytosis, and forms intercellular tight junction (TJ) protein complexes which limit paracellular permeability [2]. The BBB is capable of simultaneously restricting neurotoxic substances while ions and nutrients are selectively allowed to cross the endothelium from the blood into the brain [3]. This dynamic transport system is necessary for maintaining Central Nervous System homeostasis [4]. It is known that the functional homeostasis of the brain is compromised in numerous disease states, and it has previously been shown that disruption of the BBB is associated with several diseases like stroke, hypoxia [5]. This barrier is very effective at protecting the brain against the passage of foreign substances, however it also means that it often prevents life-saving drugs from being able to repair the injured or diseased brain [6]. In looking at the numerous ongoing activities in the area of BBB research, the validity of the models used is still a subject of debate. One of the issues in BBB research is the difficulty in monitoring the integrity of the barrier, and in particular for drug development to assess the passage of molecules from the blood into the brain. For many years, the conventional techniques of evaluating membrane integrity has been performed by measurement of the flux of a standard molecule across the barrier or the measurement of TER [7]. In general, a direct correlation between the solute flux of a cell layer and its electric resistance exists; tight cell layers exhibit high electrical resistance and low permeability [8,9]. An over-reliance on permeability methods using fluorescent molecules may be problematic due to issues with specificity, and introduction of artefacts, besides being time consuming and expensive.

The ability to accurately assess barrier tissue integrity is a starting point to provide valuable information about barrier function and cellular integrity in general. Electronic methods for monitoring cells have the advantage of being label free, noninvasive, and can additionally provide real-time measurements. Electronic methods for live-cell sensing refer to a broad range of measurements such as membrane potential probing, impedance monitoring of cells, extracellular recording of electrical activities from neurons and myocytes through both electrodes and transistors, and more. Until recently, the majority of methods for electrically monitoring cell health in vitro have been for use in basic research. However, there is increasing demand for reliable techniques for high throughput screening, with a preference for label free methods. In non-electrically active cells, electronic measurements can be used as a measure of cell coverage and differentiation, and thus as a measure of cell viability.

More subtle effects may also be discerned such as receptor binding, cell morphology etc. although this relies on a more complex interpretation of the signal generated. The advent of organic electronics has created a unique opportunity to interface the worlds of electronics and biology, using devices such as the OECT, which provide a very cheap and sensitive way to detect minute ionic currents, in an electrolyte, as the transistor amplifies the gate current [10]. Previous studies in the department of bioelectronics have demonstrated the use of the OECT to monitor the integrity of barrier tissues, specifically of epithelial tissues, and were demonstrated to be an efficient and cost-effective means of sensing barrier tissue integrity [11,12]. In these studies case, cells were grown on a transwell filter, in a top gate configuration [13]. A further study demonstrated that cells could be grown directly on the channel of the transistor with a planar format, with both the channel and the gate patterned on the same surface.

In this study, we want to use the OECT as an alternative technology to assess the barrier integrity of BBB [19]. Here, a hybrid configuration was used, cells were seeded directly on the OECT channel to maximize the contact between cell and the device, with the aim to improve the sensitivity and the limit of detection of the sensor. In order to maintain a high level of measurement sensitivity, Ag/AgCl was used in a top gate configuration. As Ag/AgCl is an non-polarizable gate, it brings superior performance compare to gold or PEDOT:PSS gate for acute measurements We demonstrate for the first time the integration of OECTs with Immortalized Human Brain Endothelial Cell line hCMEC/D3, for assessing barrier tissue layer integrity. We developed a co-culture of hCMEC/D3 with cortical neurons (CN), known to increase the resistance of the brain endothelials cells [14]. The immortalized cell-line used here has the significant advantage of being readily available, without the cost and sourcing problems associated with primary human brain endothelial cells. The integration of this model of the BBB allowed us to measure sensitively minute variations in ionic flux induced by toxic or pathogen compounds in real time, with high sensitivity and high temporal resolution.

Materials and Methods

OECT Fabrication

The active conducting polymer formulation is based on PEDOT:PSS (Heraeus, Clevios PH 1000), supplemented with ethylene glycol (0.25 mL for 1 mL PEDOT:PSS solution; Sigma-Aldrich), 4-dodecylbenzenesulfonic acid (0.5 μL.mL -1 ), and 3-glycidoxypropyltrimethoxysilane (10 mg.mL -1 ). Gold source and drain contacts were patterned via lift-off lithography on a clean glass substrate (75 mm x 25 mm), and thermally evaporated. Photoresist S1813 (MicroChem Corp.) was spin coated at 3000 rpm for 30 s on the glass substrate. Patterns were defined by photolithography (Chrome mask and Mask Aligner). MF-26A was used as developer. After that, 5 nm and 100 nm of chromium and gold were evaporated. At the end, the photoresist was lifted-off under sonication in an acetone bath for 1 h, which left the substrate with the source and drain Au contacts only. PEDOT:PSS channel dimensions were patterned using a parylene-C peel-off technique described previously [15]. Two layers of Parylene C of 2µm each were depositedwith in between, a spin-coated film of 2% soap solution at 1000 rpm for 30s. Then AZ-9260 photoresist was spin coated at 3000 rpm for 30s. After a soft bake for 2 minutes at 110°C, substrate was exposed to UVlight for patterning the PEDOT: PSS area. AZ developer was used to remove the targeted photoresist. With the plasma etcher, areas without photoresist were removed. It resulted in a channel active area width and length of 100 µm and 10 µm, respectively. Following PEDOT:PSS deposition at 3000 rpm for 30s, devices were baked for 1 h at 140 °C under atmospheric conditions. A glass well of 0.5 cm 2 (hole diameter of 0.8 cm) was sonicated 10 min in water to clean it, then fixed to the device using PDMS to defined the cell growth area (Figure 5.1). 

OECT Measurement

All of the measurements were done using a Ag/AgCl pellet as a gate electrode (Harvard apparatus) and cell medium (as described below) was used as the electrolyte. Experiments were performed outside of incubator but cells were on a hotplate at 37°C. Measurement parameters were chosen to avoid exposing the cell layers to a voltage drop above 0.5 V, as high voltages have been shown to damage bilayer membranes. The recording of the OECTs was performed using a National Instruments (NI) PXIe-1062Q system with a NI PXI-4071 Digital MultiMeter (DMM) for the AC current measurement. A Data Acquisition (DAQ) from NI (BNC-2110) was used as gate voltage wave generator. A Labview script was used to pilot the recording equipments. The recorded signals were saved and analyzed using customized Matlab script. The channel of the OECT was biased at V DS =-0.6V. The modulation between the gate and the source (V GS )generated by the DAQ -was a sinusoidal signal with 10mV amplitude, swept between 1Hz to 20 kHz. The recording consisted of the channel current measurement (I DS ), in response to the V GS modulation. To avoid the effect of noise on analysis data, filtering is necessary. For that an appropriate cut off frequency is essential. The cut off frequency is the frequency either above or below which the power output of a circuit. This parameter determines the amount of signal distortion and it is taken at -3 decibels. To determine the integrity of BBB, we expected a high frequency cut off without cell, a low frequency cut off with cell and the difference of frequency cut off between no cells and cells have to be high.

Cell Culture

Cell Culture of hCMEC/D3: Immortalized human brain capillary endothelial cells (the hCMEC/D3 cell line) were kindly donated by Dr. Pierre-Olivier Couraud of the Institut Cochin, INSERM, Paris. The hCMEC/D3 cells used for the experiments were between passage 25 and 35. All culture was coated with rat-tail collagen type I solution at a concentration of 0.1 mg.ml -1 and was incubated for 1 h at 37°C. The cells were directly seeded on the device in a concentration of 3.10 5 cells.cm -2 . hCMEC/D3 grown in endothelial basal medium-2 (EBM-2; Lonza Group Ltd., UK) supplemented with 1 ng.ml -1 Fibroblast growth factors (bFGF, Sigma Aldrich), 5% FCS (Invitrogen), 1.4 μM hydrocortisone (Sigma Aldrich), 5 μg.ml -1 Acid ascorbic (Sigma Aldrich), 1/100 Chemically Defined Lipid concentrate (Invitrogen), 10 mM HEPES (Sigma Aldrich), and 1% penicillin-streptomycin (Invitrogen). Cells were cultured in CellZscope Measurements: were carried out as in chapter 3 section 3.2.2.

Results and Discussion

/ Microscale OECT for monitoring toxicity to BBB

In an OECT, the drain current (I DS ) between the source and drain electrodes is modulated by the application of a gate voltage. The mechanism for current modulation relies on the electrochemical doping and dedoping of a degenerately doped conducting polymer film in contact with an electrolyte [11]. A positive gate voltage between the gate and the source induces a flux of positive ions into the transistor channel, dedoping the polymer film and reducing conductivity (Figure 5.2a, 5.2b). The I DS response to a sinusoidal gate voltage pulse is directly correlated with the magnitude of ionic flux into the conducting polymer. In the present device architecture (Figure 5.2c), the barrier properties of the cell layer grown directly on OECT modify this ionic flux. The OECT can be modeled by an association of resistances and capacitance as described in Figure 5.3. As already described by Bernards and coworkers [16], OECTs may be represented by a resistance (Rs) and a capacitance (Cd) in series. Another resistance (Rmed) for the media and a capacitance (Cp) for the gate electrode / electrolyte interface were used. The presence of the cell layer between the gate and the conducting polymer is represented by a resistance and a capacitance in parallel (TER // Ccell) as seen in Figure 5.3. The addition of this RC module will modify the frequency response of the system when subject to V GS = 0.01 sin(w t). It will act as a low pass filter that will reduce the recorded cut off frequency. This impedance technique has already been used for barrier tissue characterization [17]. In contrast to current impedance techniques based on electrodes only, we use a transistor configuration in order to benefit to the inherent amplification of such devices. It improves the signal quality and thus the signal to noise ratio. Figure 5.4 shows the OECT normalized response as a function of frequency in the presence and absence of a cell layer. Without BBB cells, the OECT frequency cut-off response is around 2380 Hz, which is associated with a high ionic flux through the electrolyte and into the polymer channel (Figure 5.4a). Indeed, in the absence of a cell layer, ions are not hampered from dedoping the conducting polymer. The cut-off frequency is thus only attributed to the intrinsic property of the OECT which stays constant over the full experiment. However, when we measure the OECT with BBB cells, the frequency cut-off response is reduced 285 Hz, because in this case, the presence of the cells slows down the ionic flux. On introduction of 40 mM EGTA onto the BBB cell monolayer, the frequency cut response of the OECT changes, returning to a value of 737 Hz. When EGTA is added to healthy BBB cells, the frequency cut-off response is higher, indicating a disruption of functional components in the cells that block ion flow, which we attribute to the cell barrier properties (Figure 5.4b). OECT results were compared to barrier tissue assessment using a standard biological technique: immunofluorescence staining. Immunofluorescence staining of junctional proteins, although not a technique adaptable with high throughput screening, is still a reference technique for assessing barrier tissue integrity since it allows localization of key proteins known to be essential for the barrier properties. 

OECT as a Better Sensing method for monitoring BBB Cells

Although the BBB has been reported to have high TER in some in vivo measurements [18], many of the current models used have considerably lower TER values. Improvement of the models will be required and a large number of research groups are devoted to exploring different parameters including cell type, cell environment, co-cultures etc. In the meantime however, it is necessary to have a method to assess and evaluate the in vitro models with sufficient dynamic range to monitor both high and low TER values. As seen in Figure 5.7a, the commercially available CellZscope setup (NanoAnalytics GmbH) poorly detects the BBB barrier properties with an average maximum measured TER of 10 Ω.cm 2 . This value is close to the value of filters alone (7 Ω.cm 2 ). The values are in the noise range of the setup and are thus not reliable. The CellZscope data does not shows any difference in presence or absence of BBB cells, and further, there is no difference when cells are in monoculture or cocultured with neurons (Figure 5.7b). In contrast, our approach showed a large difference between cells and no cells. One explanation is our use of a transistorwhich amplifies the measured signal -instead of simple electrodes as in the CellZscope. The other explanation comes from the device geometry / measurement principle. For the CellZscope, cells were grown on biological filters. As it is difficult to obtain high quality optical images of live cells on filters, it was hard to confirm or invalidate the appropriate and confluency of the BBB cells. The roughness of the filter membrane or the pore size could influencein a detrimental mannerthe cell layer quality and tightness; which results in a low TER measurement. With a filter configuration, a small inhomogeneity or hole in the cell layer is enough to have most the ions going through and thus short cut the measurement. which improves the sensitivity of the measurement. Even in the presence of some dead cells or not fully confluent layer, the OECT will still detect a change in measurement. Overall, growing cells directly onto the OECT turns out to be a better system configuration, especially for BBB cell which present a low TER and are very sensitive to growing environment / condition. OECT's results show an important difference without cell (2000Hz) and with BBB cells (74Hz) (Figure 5.8a). In addition the system is capable of detecting changes in culture, going from 74Hz in monoculture to 45 Hz in co-culture (Figure 5.8b). Further experiments are necessary to validate these results.

The ability to take micro-optical images allows keeping track of the cells growth. In contrast to other electrical monitoring techniques, the OECT is compatible with high resolution optical imaging, both for bright-light images and fluorescence images. On top of the inherent amplification, the easy fabrication and geometry versatility of the OECT results in a larger dynamic range of barrier properties characterization.

Conclusion

We have demonstrated for the first time the ability to use OECT in an impedance configuration in order to characterize BBB tissue. We propose that the measurement of resistance across the membrane provides a robust measurement of BBB integrity. Compared to conventional electrode-based systems, the OECT offers the advantage of a direct amplification of the recorded current. This device provides a better resolution than commercially available setups. It is a cheap and disposable device. The biocompatibility of the PEDOT: PSS enables direct growth of the cells allowing an increase in the sensitivity of the measurement. It must be cautioned that this is a novel concept that requires further investigation and potentially, to reach high dynamic measurement range (measure low to high ion flux through the cell layer) some optimization of the OECT is required.

In this thesis, three different BBB models were evaluated in order to be integrated with OECT device. First, we attempted to develop a BBEC model known to fully differentiate with respect to barrier properties in 4 day. While, these cells appear to form a confluent layer, the TER and Papp value with and without cell show little or no difference and in fact it may be argued that this barrier does not possess functional (tight) barrier properties. Nonetheless, we proceeded to use BBEC for further investigation of biocompatibility of the PEDOT based conducting polymers with these cell types. We show for the first time the possibility to combine CPs with an ECM in order to improve cell adhesion to the device.

In a renewed effort to develop an in vitro model of the BBB, we decided to focus on a human brain endothelial model, reported to reach high TER and have low permeability. To assess barrier property of these human BBB model, cells were cocultured with astrocytes or neurons. The second model used was a commercial HBMEC primary cell In this case, the ideal barrier function was not observed, possibly due to inhomogeneities in the cell coverage. The last model developed used an immortalized human brain endothelial cell, h CMEC/D3. As with the HBMEC model, inhomogeneities in coverage of cells seeded on filters can be an interpretation of the non-ideal results for this model. The integration of hCMEC/D3 with OECT in the filter configuration does not permit to detect the presence of cell and confirmed to us that the filter format was not the appropriate way to assess BBB integrity for our purposes.

The use of an inverted model where h CMEC/D3 are directly cultured on OECT device showed for the first time a robust measurement of BBB integrity. This hybrid configuration with planar OECT configuration and top gate, is able to distinguish the presence of BBB cell but also the disruption of this barrier in presence of EGTA. Further, preliminary data shows that the OECT is able to discriminate when BBB cells are in monoculture or co-cultured conditions.

Future work will be required to solidify the OECT results in hybrid configuration. Moreover, the flexibility of the device permits some optimization in order to increase the potential of high-throughput screening and the device operation time for the use with sensitive cell like BBB cell. In summary the results presented here represent a great future potential of the OECT as a diagnostics method for integration with models of the BBB.
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Figure 1 . 1 :

 11 Figure 1.1: The organic electrochemical transistor: a. schematic cross-section of an OECT b. PEDOT:PSS structure. (a, b reproduced from [5], with permission from [Nature Publishing Group]) c. Ionic circuit of an OECT (c reproduced from [6], with permission from [Wiley-VCH ]).

Figure 1 . 2 :

 12 Figure 1.2: Robust micrometer scale, high amplification OECTs: a. an array of OECTs on a thin flexible substrate: scale bar = 1 cm b. the array is extensively crumpled c. transfer characteristics of device before (red) and after (blue) crumpling b. transconductance and time response for devices before (red) and after (blue) crumpling. (a, b, c reproduced from [5], with permission from [Nature Publishing Group])

Figure 1 . 3 :

 13 Figure 1.3: OECTs used as ion sensors a. Transfer characteristics of an OECT for different concentrations of KCl solutions (Vd = -0.1 V). (reproduced from [31], with permission from [ACS Publications]). b. Wheatstone bridge circuit diagram. c. The peak-to-peak voltage difference as a function of concentration difference of NaCl solution, inset curve shows the raw data. (b, c reproduced from [33], with permission from [American Institute of Physics]). d. schematic of Ion-selective OECT. e. Calibration curves (Id, Vg,m vs concentration) of pure KCl and NaCl solutions performed using ion selective OECT (IS-OECT). (d, e reproduced from [34], with permission from [Wiley Online Library]).

Figure 1 . 5 :

 15 Figure 1.5: OECTs as Immunosensors and nucleotide sensors: a. Schematic of an E. coli O157:H7 sensor based on an OECT. b. Schematic diagram of potential drops in the electric double layers (EDL), including the channel/electrolyte and electrolyte/gate interfaces, in the OECT before and after the immobilization of E. coli O157:H7 on the PEDOT:PSS surface. (a, b, reproduced from [50], with permission from [RSC Publishing]) c. Schematic of an OECT integrated in a flexible microfluidic system, which is characterized before and after the modification and the hybridization of DNA on the surface of Au gate electrode. d. Transfer characteristics of OECTs measured in microfluidic channels before and after the immobilization and the hybridization of DNA on Au gate electrodes. Vds = -0.1 V. The inset shows the horizontal shifts of the transfer curves. (c, d, reproduced from [52], with permission from [Wiley Online Library])

Figure 1 . 6 :

 16 Figure 1.6: Barrier tissue integrity at the interface with an OECT: a. Layout of an OECT with an integrated barrier tissue b. Equivalent circuit describing ionic transport between gate electrode and transistor channel. TER refers to the transepithelial resistance of the cell layer, Ccell refers to the capacitance of the cell layer, Rfilter and

Figure 1 . 7 :

 17 Figure 1.7: Non electrogenic cells in direct contact with OECTs: a. view of polarized Calu-3 cells with tight junction sitting on the PEDOT:PSS transistor channel of an OECT b. In situ OECT response with (red) and without (black) Calu-3 cells upon the addition of 1 μM CFTR agonist forskolin. Transistor channel current change was converted to effective gate voltage change. (a, b reproduced from [62], with permission from [Wiley Online Library]). c. Micro-optical images of MDCK-I on top of the OECT channel area (the darker horizontal line in the middle of the picture corresponds to the PEDOT:PSS channel) and corresponding electrical characteristics with a measurement taken every 3h. d. Illustrative example of high resolution fluorescence imaging possible on PEDOT:PSS devices. HeLa cells (left) and immortalized human fibroblasts (right) (c, d, reproduced from [63], with permission from [Wiley Online Library]).

Figure 1 . 8 :

 18 Figure 1.8: OECTs for measuring electrogenic cells: a. ECG recording with an OECT operated in direct contact with the skin. b. Photograph of the device showing its transparency and adaptability when attached to human skin. (a, b, reproduced from [65], with permission from [Wiley Online Library]) c. Optical micrograph of the ECoG probe placed over the somatosensory cortex, with the craniotomy surrounded by dashed lines. Scale bar, 1mm d. Recordings from an OECT (pink), a PEDOT:PSS surface electrode (blue) and an Ir-penetrating electrode (black). The transistor was biased with Vd = -0.4 V and Vg = 0.3 V, and the scale of 10mV is for both surface and penetrating electrodes. Note the superior SNR of the OECT as compared with the surface electrode. (c, d, reproduced from [28], with permission from [Nature Publishing Group]). e. Wiring configuration chosen for the EOG measurement,

  opposite and injected the dyes directly into the cerebro-spinal fluid of the brain and showed that injection of trypan blue in the cerebrospinal fluid of rabbits stained only the brain[7]. Over the years, this barrier has been subject to controversy. In 1967, Reese and Karnovsky used electron microscopy to show that the endothelium of brain capillaries composed the BBB[8]. In 1969, Siakotos et al. isolated brain capillaries[9]. Betz et al. isolated endothelial cells and brain capillaries, and they established an in vitro model of BBB[10] (Figure2.1). Since then, many models in vivo, ex vivo and in vitro were adopted in basic research screening and in the drug industry in order to increase drug delivery to the brain[11]. Much research has gone into understanding the molecular mechanisms of development of the BBB. Today, new technologies such as genomics, proteomics and bioelectronics are used to characterize the BBB.
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 21 Figure 2.1: Historical research on the blood-brain barrier.

Figure 2 . 2 :

 22 Figure 2.2: Schematic representation of a blood-brain barrier (from Nature Medicine Obermeier et al. [13]).

Figure 2 . 4 :

 24 Figure 2.4: Diagram of the different transport processes involved in the permeability of brain capillaries (from Nature Reviews Neuroscience, Abbott et al.,[49]).

Figure 2 . 5 :

 25 Figure 2.5: Representation of the metabolic activity of the blood-brain barrier (from Pharmacological Reports, Bernacki et al., [3]).

Figure 2 . 6 :

 26 Figure 2.6: Impedance measurements with chopstick-like electrodes. The chopsticklike electrodes (E1, E2) are traditionally used to determine the electric resistance of cells grown on filter inserts. The ohmic resistance of the cell layer (TER), the cell culture medium in the upper and lower compartment (R Med ), the membrane of the filter inserts (R pm ) and electrode-medium interface (R E ) all contribute to the total electric resistance. I AC : alternating current (from Fluids and Barriers of the CNS, Benson et al., [85]).

  cm 2 [80]. Tight models are necessary for TJ barrier assembly and cytoskeletal regulation. Usually, a correlation between permeability of a cell layer and the TER exists, with tight cell layers exhibiting high TER and low permeability [86].
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 27 Figure 2.7: The CellZscope (a). CellZscope device (b). Equivalent circuit for cell layer grown on porous filter (c). Impedance frequency scan (d). Overview of CellZscope data acquisition window. Adapted from technical bulletin, Nanoanalytics.com.

Figure 2 . 9 :

 29 Figure 2.9: Schematic of planar OECT device which consists of a PEDOT:PSS channel and gate patterned onto a glass slide (from submitted Advanced Materials, Ramuz et al.,[START_REF] Ramuz | Combined Optical and Electronic Sensing of Epithelial Cells Using Planar Organic Transistors[END_REF]).
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 31 Figure 3.1: Light microscope image of BBECs on well coated with gelatin.

Figure 3 . 2 :

 32 Figure 3.2: SEM of a confluent monolayer of BBECs on filter coated with gelatin.

Figure 3 . 3 :

 33 Figure 3.3: Immunofluorescence staining of BBECs. (a). Immunofluorescence of BBECs on gelatin coated filter, stained with antibodies against apical junction proteins ZO-1 (green), occludin (red) and nucleus (blue). (b). Immunofluorescence of BBECs on gelatin on top of PEDOT(TOS) coated filter, stained with antibodies against apical junction proteins claudin-1 (green), ZO-1 (red) and nucleus (blue).

Figure 3 . 4 :

 34 Figure 3.4: A scheme of the different in vitro BBB models proposed adapted from Journal of Neuroscience Methods, Hatherell K et al., [6].

Figure 3 . 5 :

 35 Figure 3.5: Cells cultured on the underside of the filter membrane. (a) 24well filter is upside down in 12 well plate containing water. (b) Cells are seeded onto the underside of the membrane for 2h in the incubator. (c) The filter is placed in 24 well plates for the rest of experiment.
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 3636 Figure 3.6: Immunofluorescence of HBMEC of ZO-1 (red) and claudin 5 proteins (green) at day 2, 4 and 6. Nucleus is stained with DAPI (blue).

Figure 3 . 7 :

 37 Figure 3.7: Schematic for the HBMEC experiment 2.
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 333 Experiment 3: Integrity of Monoculture Conditioned, Contact and No Contact Co-culture of HBMEC

Figure 3 . 9 :

 39 Figure 3.9: Schedule organization of the HBMEC experimentation 3.

Figure 3 .

 3 Figure 3.10 show the results for TER (Figure 3.10a) and Papp (Figure 3.10b) of the experiment3.For the three conditions, the TER data is in the same range and still low, around 15 Ω.cm 2 . The Papp for each condition stayed in the range of 10 -4 cm.s -1 , which confirmed that HBMEC are not differentiated in these three conditions.
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 311 Figure 3.11: Actin staining by phalloidin examined by fluorescence microscopy. Nuclei were counterstained with DAPI. (a) Control of HBMEC cultured in monoculture in well. (b). HBMEC cultured in contact co-culture on filters. (c) HBMEC cultured in non contact co-culture on filters. (d). HBMEC cultured in monoculture with HA's conditioned media on filters.
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 334 Experiment 4: Impact of Endogenous Extracellular Matrix on the Integrity of Monoculture Conditioned, Contact and No Contact Co-culture of HBMEC.

Figure 3 . 12 :

 312 Figure 3.12: Schedule organization of the HBMEC experimentation 4. (a).Establishment of endogenous extracellular matrices derived from HBMEC and HA, adapted from experimental cell research, Hartmann C et al.,[8].(b). Organization of the experiment.

Figure 3 . 13 :

 313 Figure 3.13: (a).TER recorded after deposition of endogenous extracellular matrix by the CellZscope system of monoculture conditioned (black), and contact co-culture

3. 3 . 3 . 5

 335 Experiment 5: Impact of Hydrocortisone on Integrity of Monoculture Conditioned, Contact and No Contact Co-culture of HBMEC In this experiment, hydrocortisone, known to enforce the tightness of BBB, [9] was used to increase the integrity of HBMEC (Figure 3.14). The contact co-culture model (N=3) is composed with HA at passage 2 (P2) seeded (2.10 5 cells/filter) in the bottom of filter and HBMEC at passage 6 (P6) seeded (2.10 5 cells/filter) under the filter. The non contact co-culture (N=3) model is with HA at passage 2 (P2) seeded (2.10 5 cells/well) in the bottom of well and HBMEC at passage 6 (P6) seeded (2.10 5 cells/filter) under the filter. The monoculture conditioned (N=3) model is with HBMEC at passage 6 (P6) (2.10 5 cells/filter) cultured in HA's media on the basal side.
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 314315 Figure 3.14: Details of the HBMEC experiment 5.
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 43 Results and Discussion 3.4.3.1 Experiment 1: Immunofluorescence Time Course of hCMEC/D3
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 432 Experiment 2: Integrity of Monoculture Conditioned, Contact and No Contact Co-culture of hCMEC/D3 In this experiment, hCMEC/D3 is cultured in contact co-culture and non contact coculture with HA and in monoculture with conditioned HA media (Figure 3.17). The contact co-culture (N=3) is composed with HA at passage 3 (P3) seeded (2.10 5 cells/filter) in the bottom of 24 filter, 8µm pore size (Millipore) and hCMEC/D3 at passage 26 (P26) seeded (2.10 5 cells/filter) under the filter. The non contact coculture (N=3) is composed with HA at passage 3 (P3) seeded (2.10 5 cells/well) in the bottom of well and hCMEC/D3 at passage 26 (P26) seeded (2.10 5 cells/filter) under the filter. The monoculture conditioned (N=3) is composed with hCMEC/D3 at passage 26 (P26) (2.10 5 cells/filter) cultured in HA's media on the basal side.

Figure 3 . 17 :

 317 Figure 3.17: Details of the hCMEC/D3 experiment 2.

Figure 3 . 18 :

 318 Figure 3.18:(a).TER recorded by the CellZscope system of contact co-culture at 8 days (black), no contact co-culture at 8 days (red) and monoculture conditioned at 8 days (blue).(b). Apparent permeability of contact co-culture at 8 days (black), no contact co-culture at 8 days (red) and monoculture conditioned at 8 days (blue).

Figure 3 .

 3 Figure 3.19 demonstrate the organization of cytoskeleton of cells. In the contact model, hCMEC/D3 actin form a homogeneous network, we can observe a monolayer with hole and constituted of elongated cells. Whereas in the non contact model, a disorganization of hCMEC/D3 cells is detected. Cells are round and do not form a confluent monolayer. The monoculture cultured with conditioned HA media show elongated cells but the actin staining do not form a homogeneous monolayer.

Figure 3 . 19 :

 319 Figure 3.19: Actin staining by phalloidin examined by fluorescence microscopy. Nuclei were counterstained with DAPI. (a). hCMEC/D3 cultured in contact coculture. (b) hCMEC/D3 cultured in non contact co-culture. (c). hCMEC/D3 cultured in monoculture with HA's conditioned media.

Figure 3 . 20 :Figure 3 . 21 :

 320321 Figure 3.20: Details organization of the hCMEC/D3 experimentation 3.
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 5 Integration of hCMEC/D3 with OECT3.5.1 Materials and MethodsOECT Measurement: PEDOT:PSS (Heraeus, Clevios PH 1000) was used as the conducting polymer. Ethylene glycol (Sigma Aldrich) was added in a volume ratio of 1:4

Figure 3 . 22 :

 322 Figure 3.22: OECT transconductance response versus frequency, of the device alone (black), the hCMEC/D3 cells co-cultured in contact with HA (blue), after scratch the filter (red).

Figure 4 . 1 :

 41 Figure 4.1: XPS of PEDOT(TOS) top and PEDOT(TOS):gelatin (bottom) films.

Figure 4 . 2 :

 42 Figure 4.2: NanoSIMS of PEDOT(TOS):gelatin films. Panels A, B and C show elemental analysis for nitrogen, carbon and sulphur respectively.

Figure 4 . 3 :

 43 Figure 4.3: Immunofluorescence images of substrates stained with anti-gelatin antibodies (red). (A) PEDOT(TOS), (B) gelatin coated on well, (C) PEDOT(TOS) + gelatin, and (D) PEDOT(TOS):gelatin. Scale bar = 100 µm.

Figure 4 . 4 :

 44 Figure 4.4: CVs of PEDOT(TOS), PEDOT(TOS):gelatin 1 : 1 and PEDOT(TOS):gelatin 1 : 2 in 0.05 M NaTOS, pH 6.9 at 20 mV s -1 .

Table 4 . 1 :

 41 Contact angles and roughness values (obtained from AFM measurements) for PEDOT(TOS) and PEDOT(TOS) composite films. Data presented are mean SD, n = 3

Figure 4 . 5 :

 45 Figure 4.5: Initial adhesion (1) and viability (2) of BBCECs observed 3 hours and 5 days after seeding on 96-well plates ± polymer composite coating. Wells are as follows: (A) well, (B) PEDOT(TOS), (C) gelatin, (D) BSA, (E) PEDOT(TOS) + gelatin, (F) PEDOT(TOS) + BSA, (G) PEDOT(TOS):gelatin, and (H) PEDOT(TOS):BSA. For the initial adhesion study images were taken by phase contrast microscopy. For viability assays, the live cells are stained with calcein-AM (green) and dead cells are stained with propidium iodide (red). Scale bar = 50 µm.

  .2 †). ESI, Figure 4.2: water uptake.

Figure 4 . 6 :

 46 Figure 4.6: Viability of BBCECs grown on (1) gelatin, (2) well, (3) BSA, (4) PEDOT(TOS), (5) PEDOT(TOS) + gelatin (6) PEDOT(TOS) + BSA, (7) PEDOT(TOS):gelatin, and (8) PEDOT(TOS):BSA. Gelatin represents the positive control and is used to determine 100% viability.

Figure 5 . 1 :

 51 Figure 5.1: Schematic of the fabrication process for the OECT.

Figure 5 . 2 :

 52 Figure 5.2: (a). Schematic of the OECT at Vg=0. PEDOT:PSS conducting polymer is connected by gold source and drain contacts. Ions are present and stay in the biological media (in pink). (b) At Vg > 0, the electric field push the positive ions from the media into the PEDOT:PSS. The measured source drain current (I DS ) is thus decreased. (c). Pictures of the OECT made on a 3 x 1 inches glass substrates. A dedicated 3D printed holder with embedded pogo pins was used to probe the OECTs.

Figure 5 . 3 :

 53 Figure 5.3: Electrical modeling of the OECT with (right) and without (left) cell layer.

Figure 5 . 4 :

 54 Figure 5.4: OECT frequency response. (a) Monitoring of frequency, without cells (purple), with cells (black), on addition of 40mM of EGTA (red), on addition of 0.25% of trypsin (blue). (b)Table of frequency cut off values.

Figure 5 . 5 :

 55 Figure 5.5: Light microscope images of device at day 8 (a). Without h CMEC/D3 cells (b). With healthy h CMEC/D3 cells (c). After EGTA (d). After Trypsin.

Figure 5 .Figure 5 . 6 :

 556 Figure 5.6: Immunofluorescence of proteins in BBB monolayer upon exposure to EGTA. (a) Monolayers were exposed to 40mM of EGTA for and then stained with antibodies against apical junction proteins. (b) Monolayers non exposed to EGTA.

Figure 5 . 7 :

 57 Figure 5.7: TER of h CMEC/D3 cells and the filter alone using the CellZscope at day 8 (N=3). (a) TER at day 7 for monoculture (red), co culture with neuron (blue) and without cells (black). (b)Table of TER values.

Figure 5 .Figure 5 . 8 :Frequency

 558 Figure 5.8 shows the OECT normalized response as a function of frequency in the presence of monoculture and co-culture with CN. The frequency cut-off of the coculture model is slower than the monoculture model. In this case, the presence of CN, improved h CMEC/D3 barrier properties; hCMEC/D3 cultured with CN, slowed down more efficiently the ionic flux.
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un model in vitro de barrière hémato-encéphalique avec des transistors organiques électrochimiques.
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	Résumé :

Dans les systèmes biologiques, les barrières tissulaires permettent le transport sélectif de molécules du sang au tissu approprié. Un exemple de barrière tissulaire est la barrière hémato-encéphalique (BHE). La BHE protège le cerveau du sang et maintient l'homéostasie du microenvironnement du cerveau, ce qui est essentiel à l'activité et à la fonction neuronale. La caractérisation de cette BHE est importante, car un dysfonctionnement de cette barrière est souvent révélateur de toxicité ou de maladie. Bien que le nombre d'articles publiés dans le domaine du développement et de la caractérisation de la BHE ait été multiplié ces dernières années, la validité des modèles utilisés est encore un sujet de débat. L'avènement de l'électronique organique a créé une occasion unique pour coupler les mondes de l'électronique et de la biologie, à l'aide de dispositifs tels que le transistor électrochimique organique (OECT). OECT constitue un outil très sensible et économique pour diagnostiquer l'intégrité d'une barrière tissulaire.

Dans cette étude, nous avons tout d'abord développé trois différents modèles de BHE. Nous avons optimisé l'adhésion des cellules endothéliales cérébrales sur la matière active du transistor. Nous avons ainsi pu établir l'intégration des OECTs avec des cellules immortalisées humaines micro vasculaires cérébrales endothéliales (h CMEC/D3) en tant que modèle in vitro de BHE. Nous avons démontré que la fonction de tissu de la BHE peut être détectée en utilisant cette nouvelle technique. En outre, par cette technique, une perturbation de la barrière (par exemple, provoquée par un composé toxique) pourra être détectée électriquement au moyen d'une mesure de courant.

  Multidrug Resistance Associated Proteins are involved in the transport of xenobiotics. 9 MRP were detected in various normal tissues in mammals [70]. The MRP 1-6 were found in brain endothelial cells in mice and humans [71]. The MRP transported a wide range of substrates with different chemical structures and different pharmacological properties. Despite this diversity, MRP have specific substrates. The substrates of MRP are generally organic anions of lipophilic compounds conjugated to glutathione [72].The Breast Cancer Resistance Protein was first detected in a chemotherapyresistant breast cancer cell line MCF-7 but it is expressed in a variety of tissues including the intestine, kidney, placenta, brain endothelium and hematopoietic cells[62] as well as solid tumors [73]. In the brain, BCRP has been detected mainly at the luminal surface of capillary endothelial cells. Murine BCRP is encoded by Bcrp1/Abcg2 gene. It shares some substrates with P-gp and MRPs[62], and the tissue distribution of BCRP shows extensive overlap with that of P-gp[74]. It was recently reported that this overlap is due to an increase in function of P-gp or BCRP rather than an increase in the actual expression levels. In humans, BCRP is more important than P-gp in terms of quantitative expression levels at the BBB[75]. In vitro Models of the Blood Brain Barrier 2.4.1 Parameters Used to Assess in vitro Models of Blood Brain Barrier

Organic Anion Transporters such as OATPs and OATs belong to the family of "Solute Carrier transporters" (SLC). They typically operate as exchangers, using bidirectional transport, which depends on the concentration gradient of the molecule exchanged. They transport bile acids, organic dyes, thyroid hormones, anionic oligopeptides and xenobiotics [76].

2.4

  .1).

		Size	Coating	Seeding	Passage of cell	Media
	Step 1 Petri dish	100 mm	Gelatin	450 µl	P5	HS CS 10% // FGF
	Step 2 Filter	12 well // 0.4	Collagen	80 µl	P6	HS CS 10% et HS CS 2.5% // FGF

Table 3 .

 3 

1: Details of BBECs culture for experiment 1.

Table 3 . 2 :

 32 Permeability of the BBECs culture for experiment 2.

Table 3 . 3 :

 33 Details of the BBECs culture for experiment 3.

Table 3 . 7 :

 37 Summarize TER and Papp data obtained on in vitro BBB model.
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Chapter 4

PEDOT:gelatin Composites Mediate Brain Endothelial Cell Adhesion additional 0.4 mL of DMEM was added to each well. Cell adhesion was observed 3 hours after seeding (Primovert, Carl Zeiss). Adhesion and proliferation were evaluated after 4 days. A calcein-AM-propidium iodide assay was carried out to determine the cell viability (calcein-AM, Sigma) at 1 mg mL -1 and iodide (propidium iodide solution, Sigma) at 2 mg mL -1 . To perform these tests, the media in the dishes were discarded and the cells were gently rinsed two times with PBS. 0.3 mL of the calcein-AM-PI mixture was added to each well and incubated for 30 min at 37 °C. Fluorescence images taken (Axio Observer Z1, Carl Zeiss, calcein-AM 485 nm/535 nm, PI 530 nm/620 nm) and cells were counted to determine viability.

MTT assay. The MTT assay (MTT Cell Proliferation Assay Kit, Cayman Chemical) was carried out according to the manufacturer's instructions. Four replicates were evaluated. After 4 days, the media were aspirated and replaced with 100 mL of fresh media supplemented with 10 mL of MTT reagent and the plate was incubated at 37 °C for 3 hours. Then 100 mL of crystal dissolving reagent was added to dissolve formazan crystals and the absorbance (A570 nm) was measured with a spectrophotometer (Infinite, M1000, Tecan). For comparison, the absorbance of the formazan solution measured from gelatin was carried out as a control. The ratio of the differences in absorbance of the formazan solution between the several groups and the gelatin control was defined as the relative cell growth rate.

Immunofluorescence assay. To investigate the distribution of gelatin throughout the film and surface availability, an anti-gelatin antibody was used. The blocking step was done with PBS-T (0.05% Tween 20 in PBS) and 5% non-fat dry milk during 30 min at room temperature. A rabbit polyclonal anti-gelatin antibody (Mybiosource) was added to PBS for 1 h at room temperature and then Alexa Fluor 568 goat anti-rabbit (Molecular Probes) was added for 1 h at room temperature. Finally, samples were examined with a fluorescent microscope (Axio Observer Z1 Carl Zeiss).

Results and Discussion

Preparation and Characterisation of PEDOT(TOS):gelatin Composites

To improve the interface between CPs and biorecognition elements, we adopted a previously described procedure to incorporate biomolecules by vapour phase polymerisation (VPP) [203]. PEDOT(PSS) is commercially available as a liquid formulation, however, it has limitations in terms of tunability of the polymer, and since it is a finely balanced solution, addition of additional molecules does not seem feasible [28]. VPP prepared PEDOT(TOS) films have been shown to be a good substrate for cell adhesion as compared to PEDOT(PSS) [29]. We previously described the use of VPP to make PEDOT(TOS):PEG composites, in a manner that Chapter 5

Integration of an in vitro Model of the Blood Brain Barrier with the OECT an incubator at 37°C in a humidified atmosphere of 5% CO 2 . Cell culture medium was changed every 2 days.

Cell Culture of Cortical Neurons : Neurons from rat, were kindly donated by Dr. Noelle Callizot of the Neurosys company, Gardanne. These cells were seeded in inserts at a density of 3.10 5 cells/insert (24 insert, Millipore). All inserts were coated with 2 μg/cm² poly-l-lysine (Sigma Aldrich) for 1 h at 37 °C. Neurons were routinely maintained at 37 °C in a humidified atmosphere of 5% CO 2 in culture medium containing neurobasal medium (Invitrogen) supplemented with 2% B27 nutrient supplement (Invitrogen), 2 mM l-glutamine (Invitrogen), 1% of Penicillin-Streptomycin (Invitrogen) and 10 ng/ml of Brain-Derived Neurotrophic Factor (BDNF, Invitrogen).

In vitro BBB Models: Monoculture models were seeded directly on the OECT device pre-coated with rat-tail collagen type I. Co-culture models were set up as follows.

Neuron cells were seeded on the apical side of a 0.4 cm² polycarbonate membrane pre-coated with poly-l-lysine. After 24 h incubation, hCMEC/D3 cells were seeding on the basal side, directly on the device OECT coated with rat-tail collagen type I. All experiments were performed at day 8.

Monitoring BBB Toxicology: EGTA: Ethylene glycol-bis(beta-aminoethyl ether-N,N,N',N'-tetra acetic acid, is a calcium chelator , known to have dramatic effects on paracellular permeability and transepithelial resistance (TEER) in barrier tissue. After rinsing with PBS without Ca 2+ and Mg 2+ for 10min, hCMEC/D3 cells were exposed for 15 min at 40mM of EGTA. This EGTA solution is from a stock solution of 0.2 M EGTA in DI water, pH adjusted to 8 with 1 M Tris-HCl. Trypsin: Trypsin is a proteolytic enzyme which cleaves the cell-cell and cell-substrate bonds. hCMEC/D3 cells were exposed to 0.25% of trypsin-EDTA.

Immunofluorescence: After exposure to EGTA, hCMEC/D3 cells grown on device were fixed with 4% paraformaldehyde in PBS pH 7.4, for 15 min at room temperature. Permeabilization was done using 0.25% Triton in PBS, for 10 min at room temperature and with a blocking step consisting of 1% BSA in PBST (0.05% Tween 20 in PBS), for 30 min at room temperature. Mouse monoclonal anti-claudin 5 and rabbit polyclonal anti-ZO1 were used at 5 μg/mL (Invitrogen), in 1% BSA in PBST for 1 h at room temperature. Monolayers were then incubated for 1 h at room temperature with the secondary antibodies Alexa Fluor 488 goat anti-mouse IgG and Alexa Fluor 568 goat anti-rabbit (Molecular Probes). Finally, the cells were incubated for 5 min at room temperature with Fluoroshield with DAPI (Sigma Aldrich), mounted and examined with a fluorescent microscope (Axio Observer Z1, Carl Zeiss).

Chapter 6 Conclusion and Outlook