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Abstract

In vitro cell models for barrier tissue abound, and depending on the
tissue type, and the cell type, are more or less successful at mimicking in vivo
conditions. The validity of the model also depends on the method used to
assess it. The main parameters to assess barrier tissue integrity are permeability
and transepithelial resistance. These parameters generally correlate as an intact
barrier tissue exhibit high electrical resistance and a low permeability. Different
methods to measure these parameters were developed. Typically, the
permeability is measured by the passage of a radio labeled or fluorescent
compound across the epithelial barrier. For the measurement of the
transepithelial resistance (TER), different devices have been developed. Some,
such as the handheld volt Ohm meter are relatively inexpensive but are not
compatible with high throughput screening, other such as impedance
spectroscopy, are more automatized and reproducible but remain expensive.

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). This device provides a very sensitive
way to detect minute ionic currents in an electrolyte, as the transistor amplifies
the gate current. These devices have unprecedented sensitivity, in a format that
can be mass produced at low-cost. So, the OECT represent a new exciting
method for assessing barrier tissue cell layers.

The aim of this study is to integrate barrier tissue layers with OECTs to
yield devices that can detect minute disruptions in barrier function, as seen by
a decrease in transepithelial resistance. A disruption in the barrier (eg. caused
by a pathogen) will be detected electrically through a measurement of the drain
current. The resulting integration will yield devices that can detect minute
disruptions in barrier function, with unprecedented sensitivity, by means of a
simple electrical measurement, and in a format that can be mass produced
using low-cost manufacturing techniques.

Firstly, gastro-intestinal cell monolayers that form a barrier tissue layer
were characterized using established techniques such as immunofluorescence,
permeability assays with Lucifer Yellow and measurement of the transepithelial
resistance using a commercially available EIS system. Second, gastro-intestinal
cell were integrated with the OECT. The technique was then validated using
toxic compounds (Ethanol and hydrogen peroxide) and a calcium chelator.
Finally the system was transitioned to an in situ measurement setup for longer
term measurements under physiological conditions and used to detect
Salmonella typhimurium in classic and complex media.
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In summary, a novel device which can be fabricated at low cost, which is
capable of label-free monitoring of barrier tissue, has been developed. This
device shows greater sensitivity and higher temporal resolution than existing
methods. The integration of in vitro models with devices such as the OECT can
be a great alternative to animal testing for drug discovery and toxicology.
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Motivation

Electrical monitoring of cell health has been broadly used in basic
research but such methods are urgently needed for high throughput screening.
The main part of the European REACH regulation is to develop new strategies
to limit the use of animals to test the toxicity of new products. This regulation
has much more interest than the more than 30,000 chemical substances that
are imported into Europe. This regulation can be applied only by the
development of a competent validation method with an accurate in vitro model
to produce data needed to ensure a high level of protection of human health or
the environment.

Different methods available but most of them used labels. Labelling adds
cost, time, steps and can generate artefacts. Therefore it is important to create a
device without labels to measure barrier tissue integrity which is low cost,
sensitive, rapid and adaptable to high throughput screening.

Due to the transistor geometry an inherent amplification takes place
resulting in much more sensitive OECTs. OECT require very simple electronics
to read out), making the devices easily portable. They are fully compatible to
roll-to-roll techniques so they can be fabricated at a low cost. Coupling OECT
with live epithelial cell layer will create a device that is very sensitive and
tailored to detect all manner of pathogens and toxins.

13



1 Chapter 1

Introduction
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1.1 Barrier tissue

In most multicellular organisms, all cells are not identical. There are
important differences in their morphology and function and those due to the
process of differentiation. Differentiation leads to changes in many aspects of
cell physiology: its size, shape, polarity, metabolic activity, sensitivity to signals
and gene expression can all be modified during differentiation. Differentiation
of stem cells is a mechanism that allows humans to renew its cells. The basal
portion of the skin is comprised of stem cells, which are differentiated so as
asymmetric: a stem cell gives an epithelial cell and a skin stem cell. Epithelial
cells are commonly found throughout the body of multicellular organisms, and
constitute the border between the internal and external environments.
Epithelia cells can have varied morphology depending on their location (figure
1.1). Due to their localization, some epithelial cells become stratified because
they are exposed to chemical and mechanical stress. Elsewhere in the body, the
epithelia form monolayers. These barrier layers can be columnar in the
intestine, squamous in the lungs, or tubular in the renal tubule.

Simple squamous Stratified squamous
* Lines blood vassels * OQuter layer of skin

and air sacs 2 4 mouth, vagina

of lungs { &=

) * Protects against

* Permits exchange 2 g, abrasion, drying

of nutrients, wastes, & - = out, infection

and gases / J ;(,/'

Simple cuboidal Stratified cuboidal

. Lines ducts of

« Lines kidney .
tubules and glands ; | e % L e swealt glands

I * Secretes water

* Secretes and ¢ I § | and ions

reabsorbs water -8y | \_
and small molecules o1& | Y
v

Simple columnar !

* Lines most z | \ Stratified columnar
digestive organs ¥ ] .

/A . 1 g « Lines epididymus,
* Absorbs nutrients, ;’p-" ol A | @iy mammary glands,
produces mucus (8% : L \ larynx
i 5 r
/ R ' * Secretes mucus
v -
Goblet cell — & «-
o ' 4 ~—— Basement

membrane

(a) Most epithelial tissues line or cover surfaces or body cavities

Copyright €@ 2001 Benjamin Cummings. an imprint of Addison Wesley Longman, Inc.

Figure 1.1: different types of epithelia

Epithelial and endothelial cell layers serve as functional barriers in many
different parts of the body. These cell layers form selectively permeable
interfaces that control not only diffusive permeation of solutes along
paracellular routes between adjacent cells, but can also actively transport
substances along transcellular pathways. Individual epithelial and endothelial
cells are joined to each other by specialized complexes, including the adherens
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junction and the Zonula occludens, commonly referred to as tight junction [1]
(figure 1.2).

3
® « Tight Junction
L
«, proteins

basolateral

paracellular transcellular
transport transport

Figure 1.2: Transport across barrier tissues

Tight junctions are composed of several proteins, such as the
transmembrane proteins occludin and claudin and the intracellular proteins
Z0O-1 and ZO-2. The tight junctions seal the intercellular space between
adjacent cells to create a barrier, thereby restricting paracellular diffusion [2].
These tight junctions are of particular relevance for the active barrier
functionality of the cell layer. They regulate the passage of molecules across the
barrier as they selectively open and close in response to various signals from the
inside and outside of the cells. There are many different types of barrier tissue
in the body.

1.2 Structure and function of the tight junction

Tight junction was first described as Zonula occludens in a study from
Schneeberger et al. [3] where horseradish peroxidase (HRP) was injected into
mice to determine alveolar-capillary membrane permeability. Upon fixation,
tissues sections were examined under electron microscopy. They found that
HRP pass endothelial junction but cannot reach alveolar space because HRP
was stop by junction between epithelial cells. Similar results were observed
when HRP were instilled intranasally. These finding demonstrate that these
junction form a barrier to the passage of HRP.
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Tight junction

Il symplekin
Claudin-1 H 7 Ocingulin

2020301

Q)

I | Occludin ' COCY

I «

) ===

S IE:IE“’..

JAM-1 AF_

PAR3

catenins

Adhe;ens junction

Figure 1.3: Molecular composition of tight junctions. The transmembrane
proteins occludin, the claudin(s) and junctional adhesion molecule-1 (JAM-1) constitute
the barrier formed by TJs, sealing the paracellular space. From Forster, 2008 [4].

By electron microscopy TJ appear as kissing points at the outer leaflets of
the plasma membrane of adjacent cells, which seal the intercellular space [s].
When TJs are observed by immunofluorescence, they are found at the cell
border [6]. Following a freeze fracture technique they are observed to be a
network of fibrils which circle the apical plasma membrane [7]. From this
observation, T] have been described as a scaffold of both integral and peripheral
proteins (figure 1.3). The former play a role in the establishment of cell-cell
contact while the latter act as a bridge to link the integral protein to the
cytoskeleton.
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1.2.1

Structure of the tight junction

1.2.1.1 Integral proteins

The integral proteins responsible for occluding of intercellular space are
mainly occludin, claudin, and junctional adhesion molecule (JAM) protein.

65 kDa
2 isoforms

22-24 kDa
24 isoforms

40 kDa

N

6688  BBBLESLLL

4 isoforms

nen  RARRRRRAR

Claudin-1 JAM-1

Occludin

Figure 1.4. Integral membrane TJ proteins from Schneeberger et al, [8]

Occludin was the first TJ transmembrane protein identified [9]. The four
transmembrane domains of occludin (figure 1.4) are separated by hydrophilic
extracellular loops rich in tyrosine and serine. In epithelial cell lines, highly
phosphorylated occludins are found at the TJ, so the action of
phosphatase/kinase can modulate the assembly of the filament at the TJ [10].
The carboxyl terminal of the protein can directly interact with actin [11] or bind
to the peripheral protein ZO-1 [12].Experiments using synthetic peptides
homologous to the region of the first extracellular loop suggest that
extracellular loops are critical in the formation of the paracellular barrier [13].
Truncated protein experiments also demonstrated that the carboxyl terminal of
occludin is necessary for the function of TJs [14]. Although occludin has been
shown to be a constituent of TJ filaments, its role remains unclear as occludin
knock-out mice are viable with well-defined TJs [15].

Claudin proteins, like occludin, form four transmembrane domains and
two extracellular loops (figure 1.4). By using different size of polyethylene
glycol, it has been demonstrated that the permeability has two components,:
One pathway is formed by claudin pore and is charge selective, where only
molecules less than 4A in diameter can pass through the pore. Molecule larger
than 4A in diameter can also pass across a intact TJ, but require a dynamic and
temporary opening of the TJ [16]. The first extracellular loop, rich in charged
amino acids, creates the ionic selectivity. Through the presence of disulfide
bonds, the stability of the extracellular loop in claudins is enhanced and thus
facilitates the pore formation [17]. The transepithelial resistance (TER) reflects
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the passage of ion and charge molecules through the TJ. The pore form by
claudins is the main pathway for ions, so pores are the key determinants in ion
permeability. The second extracellular loop takes part in the interaction with
claudin in the neighboring cell plasma membrane and within the same. The
expression of claudin proteins in fibroblasts demonstrates that claudin
constitutes the backbone of a TJ strand [18]. It has been shown that claudin is
the key regulator of the T] formation [19,20]. By co-cultivating fibroblasts which
express different claudin [21], it has been found that claudins form selective
interactions and that this interaction determines the barrier properties [22].

JAM proteins are single transmembrane proteins (figure 1.4), and
members of the immunoglobulin superfamily [23]. These proteins have been
shown to interact with peripheral T] proteins such as ZO-1 via their carboxy
terminus [24], but are not able to from TJ strands in fibroblasts [25]. They are
concentrated at the T] and appear to be associated laterally to claudin proteins
[26]. Thus, JAM proteins are involved in the formation and assembly of TJ in
epithelial cells but are not involved in the barrier function.

1.2.1.2 Pcriphcral protein

A number of proteins are located in the submembraneous region of TJ.
Most of these proteins function as molecular scaffolds by containing multiple
protein-protein binding sites.

Zonula occludens -1 (ZO-1) was the first T] associated protein identified
[27]. Later, two homologues, ZO-2 and ZO-3 were discovered [28,29]. These
proteins are members of the membrane-associated guanylate kinase (MAGUK).
Due to its protein-protein binding site, ZO-1 plays a central role in TJ
scaffolding (Figure 1.5).
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Figure 1.5: Schematic diagram of interactions of ZO-1 with transmembrane,
cytosolic and cytoskeletal proteins, from Kosinska, et al [30].

Via its PDZ domain, ZO-1 interacts with claudin [31], other ZO proteins
[11] and JAM [32], with occludin via guanylate kinase (GUK) homology domain
and with F-actin through its C-terminal domain. Through its interaction with
signaling proteins, ZO-1 can also regulate gene expression, cell proliferation
and paracellular permeability [33].

1.2.1.3 Tricellular tight junction

It should be noted that for many years, T] has been described as cell-cell
sealing proteins between two adjacent cells. However, at the meeting point of
three epithelial cells, junctions are also present and contribute to the sealing of
the paracellular pathway. These structures are named tricellular TJ [34] (figure
1.6). Tricellulin is the protein involved in tricellular junction, which has been
demonstrated using two different experiments. A delay in barrier formation has
been observed in tricellulin knock down [35]. Moreover, a mutation in this
protein induces a decrease in transepithelial resistance and an increase in
permeability. Interestingly, the loss of tricellulin also destabilized bicellular TJ
by disturbing occludin strands [34]. Furthermore, occludin knock-down leads
to a mislocation of tricellulin to bicellular TJ [35]. Together these results
demonstrate that tricellulin may compensate for the role of occludin proteins.
It has been shown that the region homolog to occludin, in the carboxy terminal
domain, bind to ZO-1 [36]. Krug et al also demonstrate that tricellulin
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selectively restricts the passage of macromolecules without affecting the
passage of ions [37]. Through these studies, the action of tricellulin in TJ has
been demonstrated, but the mechanisms by which these proteins interact with
other proteins remain unclear.
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Figure 1.6: (A) Schematic drawing of the organization of tTJs. One tricellular
contact (left drawing) is enlarged in the right drawing. (B). Structure and expression of
mouse tricellulin. Adapted from Ikenouchi et al [34].

1.2.2 Function of the tight junction

Tight junctions are complexes of protein that contain cytoplasmic
protein associated with transmembrane protein. These cytoplasmic proteins
can have different roles to the tight junction.

When epithelial cells adhere one to the other, tight junction protein JAM
and ZO-1 are present in high concentration. T] proteins will interact with
polarity complex [38]. Based on recent data [39], the interaction of polarity
complex and TJ protein is crucial for the apical basal polarity and maturation of
apical junction. The presences of apical and basal domains confer two roles to
the tight junction: a gate and a fence function [40,41].
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The regulation of the passage of ions and molecules across barrier tissues
is determined by the opening of TJs. This action refers to the gate function of TJ
and can be measured by the TER of barrier tissues. The value of TER results
from the sum of the transcellular and paracellular resistance [4]. The
transcellular resistance, which is defined by the resistance of the apical and
basal membrane, remains stable. Therefore, the fluctuation of the TER value is
due to a modification of the paracellular flux resulting from the opening of the
tight junction.

The fence function corresponds to the ability of lipids to move within
the membrane from the apical to the basal domain. The polarity of the
membrane is maintained by this function and can be measured by the free
diffusion of fluorescent lipids across the barrier [42].

Tight junction proteins are also involved in signaling event from and to
the environment of the cell. Through its interaction with different kinase,
occludin protein can induce the proliferation of cells [43-45]. Recent data also
suggests that transition from epithelial to endothelial transition imply the
targeting of TGF-B by occludin [46]. Other studies demonstrated that ZO-1
localizes in the nuclear region to regulate proliferation during maturation of
cells by interacting with ZONAB [47]. Through this interaction, ZO-1 protein
plays a role in signaling. Protein involved in T] have also play a role in tumor
genesis [48] membrane trafficking [49] and transcriptional regulation [50].

1.3 Importance of measuring barrier function

Measuring barrier tissue integrity is important as the degree of
intactness can be an indicator for disease state [2,51] and also of the suitability
of a particular in vitro model for use in toxicology and drug screening.

Pathogens have devised multiple mechanisms to destroy the integrity of
the intestinal epithelial barrier, for example. The effect of individual
pathogens/toxins on the intestinal epithelium has been well characterized:
these pathogens disrupt barrier tissue in a variety of ways, such as by targeting
tight junction proteins. Enteropathogenic and Enterohaemorrhagic E. coli are
known to target occludin and ZO-1 respectively [52,53], while rotaviruses
appear to disrupt the extracellular domains of tight junctions [54]. Once the
barrier tissue is destroyed, the normal absorption of water in the intestine is
severely compromised and diarrheal disease usually results [55]. In Europe,
5609 food-borne outbreaks were reported in 2007, affecting 39,727 (you can
round to 39,700 or say “nearly 40,000”)people, resulting in 3921 (round)
hospitalizations, and causing 19 deaths [56]. The global incidence of food-borne
disease is difficult to estimate, but it was reported that in 2005 alone 1.8 million
people died from diarrheal diseases. A great proportion of these cases can be
attributed to contamination of food and drinking water. Additionally, diarrhea
is a major cause of malnutrition in infants and young children [57]. The action
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mechanism of toxins or pathogens targeting other barrier tissues are less well
known, possibly because in vitro models are less well developed.

Thousands of new chemical products are tested every year to determine
their organ toxicity following a long-term exposure to chemicals, their
carcinogenic potential, toxicity to reproductive functions and to the developing
fetus, and to their long-term toxicity to the aquatic environment. The uses of in
vitro models based on barrier tissues are one of the first steps of toxicity tests.
To induce toxicity, a chemical product should be able to cross the human
epithelial barrier. Pharmaceutical industries, beside the toxicity aspect, want to
know if the use of excipient modifies the barrier properties and if this
modification is reversible or induce adverse effects.

1.4 Methods to assess barrier tissues integrity

Several methods exist to assess barrier tissue integrity. Many molecular
biology techniques require chromophores or fluorophores. These methods
require the realization of different steps, which increase the time and the cost
of the experiment. They also require specific kits and sophisticated instruments
to measure the read-out. Measurements of transepithelial resistance have been
demonstrated to be an indicator of barrier tissue integrity. Since then, different
methods have emerged to measure the TER or cell permeability. These include
the use of transwell devices as a permeability assay for high throughput
screening, which is extensively used in the pharmaceutical industry. Cells are
seeded on a porous membrane, compounds are added upon confluency, and
samples are subsequently harvested from the chamber below and analyzed by
mass spectrometry. Permeability is often measured using radiolabeled
compounds or molecules such as Lucifer yellow which are normally
impermeable to barrier tissue, although the degree of permeability needs to be
defined depending on the tissue type. For measuring TER there are a variety of
tools available: traditionally TER has been measured using an epithelial
voltohmmeter, which measures resistance across the cell monolayer. This
technique, however, requires the use of a bulky probe which must be physically
placed into a tissue culture plate and causes large scale disruptions to the cell
layers. The CellZscope is an automated device for measuring the impedance of
cell layers on permeable membranes (www.nanoanalytics.com), thus
combining the ability to measure permeability and TER. New technology has
evolved to allow the growth of epithelial cells directly on planar capacitors
using the ECIS system (Electric Cell-substrate Impedance Sensing; Applied
Biophysics). However, this system is rather costly, and the sensor heads are
difficult to fabricate and require a very specific geometry to accommodate the
electrodes.
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1.4.1 Biological methods to assess barrier tissue integrity

1.4.1.1 Immunofluorescence

Immunofluorescence uses the specificity of antibodies to target a specific
molecule by an antibodies/antigen reaction. This technique needs instruments
such as a fluorescent microscope or a confocal microscope as the antibodies are
coupled with fluorescent probes.

There are two types of immunofluorescence techniques, direct or
indirect.

In the case of direct or primary immunofluorescence, a single antibody
which is coupled with a fluorophore is used to target the protein of interest and
label it. The advantage of using single antibodies is the reduction of the steps
and background by decreasing the risk of cross reactivity or non-specificity. But
since the number of fluorescent probe linked to the antibodies is limited, the
signal is lower than in indirect techniques.

Secondary, or indirect, immunofluorescence uses two antibodies. The
first antibody targets the molecule of interest while the second antibody which
is coupled with the fluorophore targets the first antibody. As many secondary
antibodies can recognize the primary antibody, the sensitivity of the signal is
increased. This technique is more time consuming but offers more flexibility in
the choice of antibody.

Limitations of immunofluorescence common with all techniques that
use fluorescence are photobleaching and the fixation process. The former can
be avoided by reducing the intensity and exposure time or by employing robust
fluorophores such as AlexaFluor. For the latter, the used of fixative agent can
induce a cross linking of cell proteins leading to non-specific bounding.

To avoid the use of antibodies, recombinant proteins can be a good
alternative as they can also be used in living cells to follow, for example,
trafficking proteins. Even if this technique seems to be elegant, they require
transfection or transduction assays.

Beyond these constraints, the protocol should be adjusted for each type
of experiment, as the fixative agent, the blocking step and the incubation
temperature can have dramatic effects on the staining. Also, the use of
monoclonal or polyclonal antibodies can affect the sensitivity of the binding.
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1.4.1.2 Permeability assays

The permeability of a barrier reflects the ability of a molecule to pass
across the barrier. This technique requires the use of radiolabeled or
fluorescent compounds which are normally impermeable to the barrier. A
barrier tissue is size and charge selective. As described above, claudins proteins
are the major player in selective permeability. As each cell line express different
claudin, the compound of interest should be chosen according to the cell line
used.

Radioactive mannitol has been widely used in fundamental studies and
pharmaceutical industry as it can diffuse across the intestinal epithelium with a
specific rate according to the stomach segment [58]. The uses of radioactive
labels require the specific equipment, room, and safety equipment to confine
the radioactivity to one area. The safety procedures induce high cost and risks
for laboratories, which now try to exclude technics based on radioactivity.

An alternative is to use of Dextran or polyethylene glycol, which can be
available in different size depending on synthetic control. Thus, the
permeability to different sizes can be tested with the same compound. They
also offer a wide possibility of branching sites which allow different detection
technique (colorimetric, fluorescence...) [59,60].

Another permeability marker commonly used is Lucifer Yellow. It was
first used as an intracellular dye for nerve cells [61]. Later, this dye was used to
test the permeability of barrier tissues, in particular for the Caco-2 cell line.
This dye can be used to follow the differentiation of the monolayer forming
barrier tissue as well as the effect of toxic compounds on the barrier tissue and
the absorption of drugs.

1.4.2 Electronic methods to monitor cells

As biological techniques uses labels, the generation of artifact is possible.
The emergence of electronic methods for live cell sensing permits the data
acquisition of a wide variety of measurements. Furthermore, these techniques
have the advantage of providing dynamic and real time measurements since
they are label free and non-invasive.

Pharmaceutical companies could be the main entities interested in
electronic methods as they need to test at the same time the ability of the drug
to reach their target and the toxicity of the drug. For the moment they use
permeability measurements which are cell line and molecule dependent, so
different marker (size and charge) must be used to determine the toxicity and
the efficiency of drug. The diagnostic industry also is also interested in the use
of such techniques to detect pathogens. Monitoring cell health with electronic
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methods has applications in food and water safety as well as medical diagnostic
and environmental protection.

Integrity of epithelia has been assessed by the measurement of ion flow
across epithelial tissue generally termed the transepithelial resistance (TER). As
describe before in this chapter the ion flux across the epithelium is controlled
by T] and the tightness of these junctions depend of the proteins complex
composition, particularly the claudins [62,63]. Steady-state ion flux via the
paracellular pathway goes either through the pore pathway formed by
transmembrane tight junction proteins, or via the non-pore pathway,
postulated to be caused by dynamic breaking and resealing of tight junction
strands [63]. The distinction between these pathways is often not considered.
As permeability measurement use molecule that pass through the non-pore
pathway, it cannot be used as an accurate measurement to assess the function
of the pore pathway [64]. Electrical measurement will provide a direct
assessment of ions flux by taking account of both pathway, and so an accurate
method to assess barrier tissue integrity.

The first in vitro model for measuring electrical parameters of cells was
based on using chambers (figure 1.7), where it was demonstrated that cell
forming barrier tissue develop the same transport and permeability
characteristics as in vivo. Later on, Cereijido and co-workers grew monolayers
of cells on filters and placed it between two chambers (filled with the same
electrolyte) and measured the electrical potential difference. They demonstrate
that cells provide an electrical resistance known as Trans epithelial resistance
(TER or TEER). The value is calculated as the inverse of the conductance,
expressed in Q.cm” and was found to increase over time and settle, remaining
stable for a few weeks [65]. Later on, Cereijido and co-workers grew monolayers
of cells on filters and placed it between two chambers (filled with the same
electrolyte) and measure the electrical potential difference. As researchers were
interested in understanding what is influencing the variation of ions flux
among different cell lines, different studies were performed. One of them lead
to the development of a microelectrode array to study and measure electrical
activity of cell culture in vitro [66].
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Figure 1.7: A classical Ussing chamber. A: assembled apparatus with water-
jacketed reservoirs, Ussing chamber (intestinal preparation is mounted vertically; red
arrow) secured by thumb wheel screws (white arrow), and electrodes attached to
voltage clamp head stage. B: close-up view of voltage (Vt)-measuring and short-circuit
current (Isc)-passing pathways. Calomel half-cell electrodes used for Vt measurements
are connected by 3 M KCl salt bridges at each side of intestinal preparation (red arrow).
Ag-AgC(l electrodes used for Isc passing across the intestinal preparation are connected
to the chamber by Krebs bicarbonate Ringer (KBR) salt bridges at each end of the
chamber. C: schematic cut-away diagram of Vt and Isc circuits of the Ussing chamber.
Short circuiting (Isc) is provided by an automatic voltage clamp (symbol). Note
superfusion circulation of KBR is driven by gas lift using 95%02-5% CO2. Intestinal
preparation (red disc) separates the mucosal and serosal baths. From Clarke, L.L [67].

1.4.2.1 Impedance based monitoring of tissue/cells

The opposition that a circuit presents to an alternative current defines
the electrical impedance. Electrical impedance is usually measured in a range of
frequencies and corresponds to the ratio of voltage and current. This technique
uses low voltage [68] and is, therefore, compatible with biological systems. The
first device using this technology was monitoring cell attachment and
spreading on a gold electrode [69]. This method, named electrical cell substrate
impedance sensing (ECIS), serves as a new method to monitor arrays of cells in
vitro (figure 1.8).
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1.4.2.2 Electrical cell substrate impedance sensing

ECIS is now a commercially available product (www.biophysics.com)
and has been used for applications such as kinetics of cell spreading [70]
analysis of adherent cells after electroporation [71]. This system is composed of
an interdigitated electrode, or two gold electrodes immersed in cell culture
media. When cells are cultured on top of the working electrode, the flow is
restricted and the impedance is modified. This technique has the advantage of
monitoring the TER change in real time but is not compatible with cell culture
insert.
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Figure 1.8: The ECIS system. a. Schematic drawing of an ECIS array and principle
of the electric cell-substrate impedance sensing (ECIS) method. 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 w, 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), see bold arrows. c. By applying
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. Adapted from Benson et
al, 2013 [72].
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1.4.2.3 Non planar electrodes

A number of different cell lines need to be cultured in cell culture insert
to become differentiated. Indeed, some cells line need to be fed by the basal
and apical side to become polarized and exhibit a fully differentiation. This cells
lines are often use for transport assays. The integrity prior and during
experiment is measured by the electrical properties of the cell monolayer. The
development of chopstick electrodes allows measurement the resistance across
the monolayer based on the current recorded between electrodes. However,
studies demonstrate that the use of DC current can damage cell layers [73,74].

To avoid this problem, the EVOM setup (Epithelial Voltohmmeter;
world precision instruments) was developed (Figure 1.9). It can measure the
resistance of a cell layer at low frequency with a square current pulse. However,
this setup still presents disadvantages. The main issue is that the measurement
is operator dependent, and, depending on where the electrodes are placed, the
TER values significantly fluctuate. Also, the measurements are carried out
outside the incubator which leads to a perturbation of physiologic parameters
and thus to a variation of TER values. Despite this drawback, the EVOM system
was used in several studies, from basic research to the effect of pathogenic
organisms infecting cell layers [75-79]. Based on the same technology, an
automated system was developed to allow the measurement on 24 and 96 well
plates. To improve the EVOM system, industry developed the Endohm system
in which the electrodes are circular, to improve measurement heterogeneity.

Figure 1.9: Hand voltometers. a. EVOM device; b. Endohm system. Adapted from
wpiinc.com.

In 2004, Wegener et al. [80] developed a new device which solves two of
the main problems of the devices presented above, maintaining physiological
conditions by measuring the TER in an incubator, and homogenous results by
using round fix electrodes. This device is named the CellZscope and is
commercially available (NanoAnalytics GmbH) (figure 1.10). The experiment is
controlled with a PC interface and the electrical measurements are performed
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with a data acquisition board. 6 to 24 well formats can be used; each filter can
be controlled individually. The cell culture insert is placed between two
electrodes. The bottom electrode is common for all wells, while the top one is
small and dipped in each well. A small AC current is applied between the two
electrodes; the impedance frequency on a range from 1 to 105 Hz is recorded.
The TER and the capacitance are extracted from an equivalent circuit model.
The capacitance is also an important parameter as it can be indicative of
membrane folding, an increase in capacitance reflects more folding or ruffling
of the membrane [81]. The equivalent circuit and the model used allow the
extraction of the resistance due to the filter and/or media, as the addition of
compound or the change of media can induce variation of the TER result. To
permit the comparison of the result with other techniques and experiments, the
device gives the result of TER as Q.cm”.

cell Layer

porous
membrane

@
<
Impedance Magnitude 1Z| (1))

Frequency (Hz)

Figure 1.10: The CellZscope a. Overview of CellZscope device, b. Overview of
CellZscope data acquisition window, c. Equivalent circuit for epithelial cell layer grown
on porous filter, d. Typical Impedance frequency scan. Adapted from technical bulletin,

Nanoanalytics.com.

The ECIS system cannot be used with cell culture insert, because cells
must be grown directly on top of the electrodes. To overcome this
disadvantage, Sun et al [82] developed transwell filters that are enclosed in a
polycarbonate holder and separated from the gold plated dot ring electrode by
an insulating epoxy layer (figure 111). The electrode are fabricated by
electrochemical deposition of a conducting polymer (polypyrrole doped with
polystyrene sulfonate (Ppy: PSS)) on the gold plated electrodes. This deposition
was realized to solve the effect of the electrical double layer, which usually
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appear at the interface between the surface and an ionic fluid. This layer
corresponds to the formation of a first layer of ion adsorbed onto the surface
and a second layer composed of ion attracted to the first charge layer. The
deposition of this conducting layer increases the sensitivity of the measurement
at low frequency, which is known to be dominated by the paracellular
resistance. The model used to extract TER is very similar to the one used for the
CellZscope. The differences reside in the epithelial cells impedance; they shown
that the electrical field which enters in the cell layer has a longitudinal and
orthogonal component. The impedance was therefore divided in two parts.
They also demonstrate that the Ppy electrode have an impedance lower than
gold electrode by one order in magnitude. To validate this method, they
authors used Triton X 100 and the calcium chelator EGTA (ethylene glycol-
bis(2-aminoethyl-ether)-N, N, N’, N’,-tetraacetic acid) to induce a destruction
of a barrier tissue.
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Figure 1.11: Conducting polymer coated electrodes for impedance scanning. A.
Diagram shows the 3D assembly structure and 2D cross-section view of the bio-
impedance chip. B. Image showing the experimental system instrumentation. From Sun
et al [82].

1.4.2.4 Organic electronic at the interface with biology

Organic electronics refers to devices using carbon based polymers and
small molecules as the electrically active component. Organic electronics offer
a number of unique advantages including their ease of processing, ionic and
electronic conductivity, and their flexible mechanical properties. The soft
nature of these materials and their compatibility with soft substrates makes
them ideal for flexible displays and solid state lighting, and also for interfacing
with biological systems.
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Organic bioelectronics, first named by Berggren and Richter-Dahlfors
[83], couple device based on organic semiconductors with biological elements.
This coupling is bi-directional: a signal from a biological event can be transduce
to the electronic device or the device can stimulate a biological element to
induce a reaction or an event into this biological element (figure 1.12).
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Figure 1.12: Integrated systems of biomaterials and electronic elements for bioelectronics
applications. From Itamar Willner and Eugenii Katz, 2005

A numbers of biological elements are capable of recognition, including
enzymes, oligonucleotide and DNA. Coupling these elements with electronic
device to build biosensors has been of great interest. The major challenge with
this type of sensor is the optimization of the information transfer between the
two parts of the device. The information sent by the biomaterial should be
translated to the recognition element such that the output signal could be
differentiated from the background signal. Glucose sensors were developed in
1960 to monitor glucose level in blood diabetic patents. As OECT provide an
inherent amplification, detection of glucose in human saliva can be achieve
using an all polymer sensor [84]. Using the same approach, OECTs were
integrated with microfluidic to detect multi-analytes [85]. Another type of
transistor (organic field effect transistor) was developed with microfluidic to
sense in aqueous solution without recognition elements [86]. In this device,
detection of glucose is attributed to an interaction of the glucose with the
conducting polymer.

Organic electronic materials can also be used to control biological
elements. Investigation of the influence of the redox state of conducting
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polymers on cells proliferation and differentiation was the first application [87].
Applications in the biomedical field come out with the functionalization of
conducting polymer with biomolecules [88] [89]. Further, Wan et al, developed
a device in which a redox gradient is patterned [9o]; this gradient is critical to
understanding cellular mechanisms in normal and pathologic tissues; similar
work was also done by Berggen et al. [91]. To move toward more relevant cell-
cell interactions, a 3D scaffold was developed; nanofibers coated with
conductive polymer were used to induce calcium signaling on nerve cells [92].
Finally, to control release of biomolecules, organic electronic ion pumps were
develop for in vitro [93] and in vivo [94] used.

In the last area, organic electronic can stimulate biological structure and
in return sense or record a response to the stimulus. This field focuses on
developing tools for neuroscience. The soft conducting polymer offer great
opportunities to replace silicon based probes or electrodes. The first advances
in this field demonstrate higher performance of these new electrodes compared
to the state of the art devices [95]. These improvement were combined with
hydrogels and then biomolecules were incorporated [96-98]. The combination
of conducting polymers, biomolecules and hydrogel improve the
biocompatibility of the device and also permit the exploration of electrical
stimulation. Based on this work, microelectrodes were used as sensors of
neurotransmitter release [99]. Evolution of this work and advantages of the
conducting polymers device were discussed in a review by Kim et al. [88].
Electrodes were then fabricated in a network to create microelectrodes arrays
(MEA). The first generation of these MEA were too thick and would limit their
conformability [100]. Recently, a new way of fabrication demonstrated the use
of dense arrays of electrode for in vivo recording [101]. These polymers
electrodes were shown to have better performance than gold electrodes.

1.4.2.5 Transistor to measure barrier tissue integrity

Impedance spectroscopy provides significant contributions in the field of
measurement of capacitance and resistance of a cell layer. This technique is
more automated and reproducible than other technique but still presents
limitation in temporal resolution and sensitivity as well as cost. Transistors
provide a good alternative to conventional electrodes for in vitro and in vivo
monitoring of cells. Organic electrochemical transistors (OECT) have been
recently introduced for biomedical applications. Unlike field effect transistors
and inorganic transistors, the electrolyte plays an important role in the device
operating mechanism. OECT based on the conducting polymer PEDOT: PSS
(poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) were shown to be
stable in media in physiological condition [102-104].Organic materials are
compatible with roll to roll, large scale processing for low cost processing of
disposable devices. The key advantage of OECT is that it converts ionic signals
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to electronic signal efficiently and can operate at low voltage which is fully
compatible with biological environments.

The first study based on this technology was the observation of cells
detachment upon treatment with trypsin on a cell layer [104]. Authors
determined that the change detected by the OECT was due to an electrostatic
effect, whereas it is instead an effect of ion penetrating the conducting polymer

[105].

Previously, bilayer lipid membrane were used to control the gating of an
OECT [106]. When an intact bilayer lipid membrane was placed on top of an
OECT, the gating was suppressed. Whereas, the addition of ion channel into
the bilayer lipid membrane restore the gating. This work demonstrates that
OECT can be used as biosensors as they convert ion to electron and that
movement of ions across a membrane can be detected by an OECT. In this
project, we use this property to create a new device to detect pathogens.
Gastrointestinal cells will be grown as monolayer in cell culture insert to form
an epithelial barrier and integrated with an OECT.
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This first results chapter consists of the characterization of the Caco-2
cell line used to mimic the gastrointestinal tract, and its integration with the
Organic Electrochemical Transistor. Once different parameters of the cell line
were set with traditional techniques, the barrier tissue was integrated with the
OECT. The barrier tissue was then attacked by different chemicals to destroy it.
The results obtain with our transistor were compared with traditional methods
to validate our technique as a new way to assess barrier tissue integrity. In the
work shown in this chapter, | was in charge of the establishment of Caco-2 cell
growth and characterization by immunofluorescence, measurement of the TER
and permeability assays. I also performed the assays after exposure to toxic
compounds. The parameters that I determined to obtain a fully differentiated
barrier tissue were used for the OECT experiment as well as the protocol to test
the chemical compounds.

This chapter corresponds to the following published articles:

L.H. Jimison, S.A. Tria, D. Khodagholy, M. Gurfinkel, E. Lanzarini, A.
Hama, G.G. Malliaras, and R.M. Owens, "Measurement of barrier tissue integrity
with an organic electrochemical transistor”, Adv. Mater. 24, 5919 (2012)

S.A. Tria, L.H. Jimison, A. Hama, M. Bongo, and R.M. Owens, “Validation
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2.1 Introduction

The ability of organic electronic materials to interface with biological
systems has been much vaunted of late, with examples showing the elegant use
of these materials to deliver neurotransmitters in vivo [1], control cell adhesion
[2,3] and migration [4] and measure neuronal activity in vivo [5,6].With the
unique ability of organic electronic materials to conduct both electronic and
ionic carriers, they act as an ideal platform for the integration of electronic and
biological systems. The organic electrochemical transistor (OECT) has been
recently employed as a sensor for DNA [7], enzymes [8] and cell attachement
[9]. Here, we show for the first time the integration of OECTs with human cells
for assessing barrier tissue layer integrity. We are able to measure minute
variations in paracellular ionic flux induced by toxic compounds in real time,
with unprecedented temporal resolution and extreme sensitivity. The ability to
measure paracellular transport is important as it provides a wealth of
information about barrier tissue function, and disruption or malfunction of the
structures involved in transport through barrier tissue is often indicative of
toxicity or disease. Development of this technology will have implications for
toxicology, drug development, infectious disease diagnostics and basic research
on the molecular biology and electrophysiology of barrier function.

Barrier tissues in multicellular organisms serve as essential functional
interfaces, maintaining highly regulated fluid compartments by limiting the
diffusion of ions, macromolecules and other cells, while selectively absorbing
nutrients, electrolytes and water that sustain the host [10]. Examples of barrier
tissue in the body include the intestinal epithelium, kidney epithelium and the
blood brain barrier endothelium. Epithelial and endothelial cells generally exist
in single layers and are joined to each other by specialized complexes that
include the adherens junction and the tight junction (TJ)[u]. TJs restrict
paracellular diffusion [12,13] by regulating the passage of molecules across the
barrier as they selectively open and close in response to signals from inside and
outside the cells. The degree of barrier tissue integrity serves as an indicator for
disease state [14,15] and also of the appropriateness of a particular in vitro
model for use in toxicology and drug screening. Accurate in vitro cell models
are urgently required, as current in vivo methods for evaluating toxic
compounds or drugs are expensive and time consuming. Efficient methods of
characterization will help to validate and develop models as replacements for
animal testing, an essential component of the European REACH regulation to
handle toxicological profiling of more than 30 ooo chemical substances
imported into Europe. Currently, two main parameters are used for assessing
the integrity of barrier tissue: permeability and trans-epithelial/endothelial
electric resistance (TER or TEER). In general, a correlation between
permeability of a cell layer and the TER exists, with tight cell layers exhibiting
high TER and low permeability [10,12]. Permeability is typically measured by
monitoring the flux of radiolabeled/fluorescence compounds across cells
cultured on suspended porous filters (Transwell). TER can be measured with a
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handheld epithelial volt-ohm meter. Unfortunately, data collection is
associated with slow temporal resolution, poor measurement reproducibility
and incompatibility with high throughput methods. Impedance spectroscopy
can be employed to measure the capacitance and resistance of the cell layer in a
more automated and reproducible fashion [16,17]. This technology has provided
significant contributions in the field, but requires expensive equipment and still
presents limitations in temporal resolution and sensitivity. Here, we present a
method for monitoring in situ barrier tissue integrity using an organic
electrochemical transistor (OECT). With the proposed device, we introduce a
novel mechanism for sensing barrier tissue integrity achieved with simple
device format, compatible with low cost solution-based fabrication [18]. The
OECT presents an exciting new avenue for assessing barrier tissue cell layers,
with their exquisitely tuned ionic transport systems [10]. The integration of
barrier tissue with an OECT is illustrated in Figure 2.a. PEDOT: PSS, a
conducting polymer (CP) with demonstrated biocompatibility and stability
[8,9], is used as the active material in the transistor channel. The cell layer is
grown on a Transwell membrane and incorporated into the device prior to
measurement. In order to understand the sensing mechanism of the device, it is
necessary to briefly review the operating mechanism of an OECT. The OECT
comprises a degenerately doped CP channel in contact with an electrolyte
[6,19]. A gate electrode is immersed in the electrolyte, and source and drain
contacts at either side of the transistor channel measure the drain current (Ip).
On application of a positive gate voltage (V¢), cations from the electrolyte enter
the channel, de-doping the CP and decreasing the drain current (Ip). The
steady state Ip is linearly proportional to the total number of ions that have
entered the polymer film, and the ionic flux determines the speed at which the
transistor reaches steady state [20]. Thus, the OECT acts as a transducer of
ionic signal to electronic current. A key difference in the use of a transistor as
the sensing element, opposed to a conventional electrode[16,17,21], is the
inherent amplification associated with the former, where small changes in the
ionic flux are integrated and amplified in the drain current. It has been shown
that the ionic current in an OECT can be modeled using a combination of
linear circuit elements [20]. The modification of the OECT ionic circuit on the
addition of barrier tissue is shown schematically in Figure 2.1b, with the cell
layer represented as a resistor and capacitor in parallel [16]. The resistance of
the cell layer (the TER) influences the ionic flux into the device: a higher TER
will result in a lower ionic flux, and vice versa. Figure 2.1c shows the OECT Ip
response to a square voltage pulse in the absence of a cell layer. The
hypothesized effect of TER is illustrated in Figure 2.1d by subjecting the device
to pulses of constant gate current (Ig): as Ig is decreased, the transient Ip
response is slower. The influence of the cell layer on the ionic flux is thus
reflected in Ip. The sensing mechanism presented here is in contrast to a
previous application of an OECT as a whole cell sensor for measurement of cell
adhesion and detachment[g]. With cells grown directly on the CP channel,
authors demonstrated a change in steady state transistor performance as a
function of cell coverage, attributed to electrostatic modification of the cell/CP
interface. While this device was able to detect gross cell detachment, our device
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is designed to dynamically address the health of a tissue layer that may be
reversibly or temporarily damaged. Furthermore, the use of Transwell filters as
the support for the cell layer renders our device completely compatible with
existing barrier tissue characterization and toxicology techniques.
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Figure 2.1: The integration of barrier tissue with an OECT. a) Device
architecture. 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, Rgjer and Cgyer refer to the resistance
and capacitance of the porous filter, respectively, R,,.q refers to the resistance of the
media, and Ccp refers to the capacitance at the CP and electrolyte layer. ¢) OECT I
transient response to a Vg pulse. d) OECT transient I response to a 30 s pulse of
constant I; of varying magnitudes, as labeled. As with other experiments, Vp = -0.1.

2.2 Material and methods

2.2.1 Cell Culture :

Caco-2 cells were seeded at 5.10* cells/insert (1.1 cm?). Cells were
routinely maintained at 37°C in a humidified atmosphere of 5% CO,, in DMEM
(Advanced Dulbecco’s Modified Eagle Medium, Reduced Serum 1X, Invitrogen)
with 2 mM Glutamine (Glutamax-1, Invitrogen), 10% FBS (fetal bovine serum,
Invitrogen) and Pen-strep (5000 [U/mL] penicillin-s000 [pg/mL] streptomycin,
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Invitrogen). For all OECT and permeability experiments, Caco-2 cell layers were
used at 21 days in culture, corresponding to a TER of 400-500 Q.cm”* and an
apparent permeability of 1.10° cm.s™ , consistent with literature reports[22].
Cells were cultured on Transwell filters with a 0.4 pm?* pore size and area of 1.1
cm®. For OECT measurements only, cell layer area was reduced by a factor of
ten using silicone on the back side of the filter, for purposes of increasing
effective cell layer resistance.

2.2.2 Permeability Assays :

Prior to permeability measurements, cells were exposed to various
concentrations of ethanol and H,O, in complete DMEM for 24 h. The value of
the apparent permeability ( P app ) was calculated according to the following
relationship: P app =(( Flux x Vi, )/ t )(1/ Co A') and Flux =100( LYpas X Vias )/(
LY.pi XVapi ), where LYp,s and LY, are the concentration of Lucifer yellow in the
basal and apical sides of the hanging porous filter, respectively, Vp.s and V,p; are
the volume in the basal and apical sides, respectively, t is the time of
incubation, C, is the initial concentration of Lucifer yellow on the apical side
and A is the area of the filter. At least two samples were measured for each
condition.

2.2.3 Device Fabrication :

PEDOT:PSS (Heraeus, Clevios PH 1000) was used as the conducting
polymer active layer. Ethylene glycol (Sigma Aldrich) was added in a volume
ratio of 1:4 (ethylene glycol to PEDOT:PSS) to increase conductivity.
Dodecylbenzenesulfonic acid (DBSA) (0.5 pL/mL) was added as a surfactant to
improve fi Im formation, and 3-glycidoxypropyltrimethoxysilane (GOPS) (10
mg/mL) was added as a cross-linker to improve fi Im stability. Thermally
evaporated gold source and drain contacts were defined via lift-off lithography.
Channel dimensions were patterned using a parylene peel-off technique
described previously [6,23], resulting in a PEDOT:PSS channel width of 1 mm.
Following PEDOT deposition, devices were baked for 1 h at 140°C at
atmospheric conditions. A PDMS well defined active area, resulting in a
channel area of approximately 8 mm?®.

2.2.4 Device Measurements :

For OECT measurements, Ag/AgCl was used as the gate electrode and
(DMEM) cell culture media was used as the electrolyte. All measurements were
made with Keithley 2612 SourceMeter and customized Labview software. In all
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cases, cell media (as described above) was used as the electrolyte.
Measurements were performed at ambient temperature, but controls were
conducted to ensure that temperature effects do not dominate changes in
OECT response within the time required for measurements. H,O, was added to
the apical side of the cell filter, without changing media. Because larger
amounts of EtOH were needed to achieve compositions of 10, 20, and 30%, half
of the apical media was removed before introducing EtOH. In both cases, we
confirmed that the act alone of addition/removal of liquid did not disrupt the
barrier tissue layer. Throughout these experiments, measurement parameters
were chosen to avoid exposing the cell layers to a voltage drop above 0.4 V, as
high voltages have been shown to damage bilayer membranes[23]. Unless
otherwise stated, OECT data was collected using the following parameters: Vs
=0.3 V, Vps =0.1 V, Vs on time =1 s, off time =29 s, duty cycle =3.33%. In some
cases, OECT data is shown in the form of a normalized response (NR). NR is
obtained by calculating Alp /TIo (where Alp refers to drain current modulation
in response to the application of the gate voltage, and I o refers to the drain
current when Vg is off) and subsequently normalizing the dataset to [0,1].

2.3 Results

To commence OECT validation, we characterized healthy, intact barrier
tissue using immunofluorescence (Figure 2.2A), TER measurements (Figure
2.2B) (using CellZscope) and solute permeability assays (Figure 2.2C) (with
respect to Lucifer Yellow). These results were compared to barrier tissue
assessment using an OECT (Fig. 2D). Immunofluorescence staining of
junctional proteins, although not a technique that is compatible with high
throughput screening, is still the reference technique for assessing barrier tissue
integrity since it allows localization of key proteins known to be essential for
the barrier properties of the tight junction. In the immunofluorescence
experiments, cells were stained for occludin and claudin, two of the proteins
present in the tight junction complex. A clear colocalization of occludin and
claudin can be seen in (Figure 2.2A, panels 2 and 3, respectively) while the cell
nucleus stained with DAPI is also visible (Figure 2.2A panels 1). In differentiated
cell layers, these proteins are localized around the cellular periphery. Cells
grown on filters were also used for LY permeability assays shown in Figure 2.2B.
A control filter without cells shows an apparent permeability of 3.1 + 0.33x10™*
cm-s~,while a filter with cells shows an apparent permeability of 1.78 +
0.08x10° cm-s™ consistent with literature reports [24,25]. For measurement of
TER, cells were seeded on filters and cultured in the CellZscope instrument for
a period of 21 days. Data shown in Fig. 2C show the evolution of the TER over
time, starting from 20.57 + 0.14Q-cm” for a bare filter and plateauing at 457.71 +
71.82 Q-cm” over the course of 21 days.
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Figure 2.2: Comparison of different methods used for assessing barrier tissue
integrity. (A) Immunofluorescence images of Caco-2 cells grown on inserts for 21 days.
The nuclei were stained with DAPI (1). Cells were also stained with antibodies against
tight junction proteins occludin (2) and claudin-1 (3). (B) The apparent permeability of a
filter alone and a filter with differentiated Caco-2 cells was determined by adding
Lucifer Yellow solution on top of the insert and measuring the fluorescence of each
compartment of the insert after 1 h. Data represent mean value + standard deviation of
experiments made in duplicate. (C) TER of Caco-2 cells and the filter alone were
continuously monitored over 21 days using the CellZscope. Each point represents the
mean + standard deviation from different experiments, with a minimum of three
inserts for each point. (D) Illustration of the integration of cells grown on a filter with
an OECT (left). Example of a typical OECT response with and without cells (right): the
drain current (Ip) response to a gate voltage pulse (top). The OECT response in the
presence of cells is shown with the solid black line, while the OECT response in the
presence of insert alone is shown with a dashed line (bottom).
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Having established the baseline parameters for intact barrier tissue, we
used the same experimental conditions (Caco-2 cells grown on Transwell filters
for 21 days) to perform assays with the OECT.
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Figure 2.3: Monitoring barrier tissue integrity with an OECT. a) Cartoon showing
polarized Caco-2 cells with tight junctions (left) and without (right), sitting on a porous
cell culture membrane, above a PEDOT:PSS transistor channel. Tight junctions are
shown in yellow. b) OECT I, transient response with cells before (left) and after (right)
the addition of 100 mM H,O0,, (solid lines). OECT Iy, response in the absence of cells is
overlaid (dashed lines). ¢) In situ OECT response to periodic square Vgs pulses. As
indicated, data here correspond to the same measurement as shown in (b), but for an
expanded time scale. The red arrow indicates the point of H,O, introduction. The
immediate change in OECT response to the addition of H,0O, is evident by the drastic
change in Ajp.
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Figure 2.3a shows a cartoon monolayer of polarized Caco-2 cells with
tight junction protein complexes (left) and without (right). In Figure 2.3b (left),
we demonstrate that in the presence of cells with TJs, the barrier properties
slow the OECT Ip response time, compared to the Ip response when no cells are
present. To induce a change in tissue layer integrity, hydrogen peroxide (H,0,),
a reactive oxygen species known to disrupt TJs [26], was introduced. The
disruption of barrier tissue integrity results in an increase in ionic transport
across the cell layer and therefore a faster Ip response (Figure 2.3b, right).
Control experiments were carried out to confirm that what we observe is not a
parasitic effect of H,O, reacting with the gate electrode or the polymer channel
(Supporting Information).

By comparing the data obtained from the OECT (Fig. 2D) with these
other methods (Fig. 2A, B and C) we rigorously ensured that the change of
curve shape observed with the OECT corresponds to a localization of tight
junction proteins around the cellular periphery, a low flux of Lucifer Yellow,
and finally a high electrical resistance (CellZscope).

The OECT has potential as a method for the measurement of compound
toxicology in vitro and also for diagnostics. To confirm this potential we
performed toxicology studies using the three traditional methods presented
here. We then compared data from traditional methods against data from the
OECT, investigating the ability of the OECT to not only measure the presence
of intact barrier tissue, but also detect damage to barrier tissue. We chose
toxins previously demonstrated to affect paracellular permeability of the
gastrointestinal barrier. Our goal was to choose simple compounds, known to
affect different components of the tight junction, which could be added in the
apical media compartment of the cell culture well. Both ethanol and H,O, have
been previously demonstrated to affect paracellular permeability of the
gastrointestinal barrier, although with distinct molecular mechanisms. Ethanol
exposure is known to damage the gastrointestinal mucosal surface, proposedly
through mucosal injury, changes to epithelial membrane integrity, and
disruption of the tight junction barrier [27], with a concomitant dose-
dependent drop in Caco-2 epithelial resistance and increase in paracellular
permeability [28]. The effect of ethanol has been reported to be mediated via an
effect on ZO-1, as ethanol treatment resulted in a progressive loss of ZO-1 in the
cellular periphery and formation of large gaps between adjacent cells [28].
There have also been reports of changes in occludin localization [29]. Low non-
cytotoxic doses (10%) have been shown to cause functional opening of the
Caco-2 intestinal epithelial T] barrier while high concentrations of ethanol
(40%) are thought to cause functional damage of the gastrointestinal epithelial
barrier by direct cytotoxic effect on the epithelial cells. Reactive Oxygen Species
(ROS; such as H,0,) are rapidly metabolized in tissues by antioxidant defense
systems under normal conditions. However, an excessive generation of oxidants
and/or a defect in antioxidant defense mechanisms may lead to tissue injury
such as inflamed mucosa of inflammatory bowel disease (IBD) and or loss of
intestinal barrier function. ROS can be produced by toxins, mycoplasma,
bacteria and xenobiotics [30] and may mediate their effects by phosphorylation
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and regulation of TJ protein-protein interactions [31]. Reversible
phosphorylation on Ser, Thr and Tyr residues on the TJ proteins occludin and
claudin upon exposure to hydrogen peroxide has also been demonstrated [32],
possibly leading to a decrease of the interaction of these proteins with ZO-1,
Z0-2 and ZO-3 [33]. To assess the effects of both ethanol and H,O, on Caco-2
cell barrier tissue integrity, we first carried out immunofluorescence of these
cells treated with both toxic compounds.

Nucleus Occludin Claudin-1

Figure 2.4: Immunofluorescence of tight junction proteins upon exposure to
ethanol and H,O0,. Monolayers were exposed to various concentrations of ethanol and
H,O, for 24 h and then stained with antibodies against tight junction proteins.
Immunofluorescence image of a control cell monolayer with no exposure to toxic
compounds (A). Immunofluorescences images of cells exposed to 5% ethanol (B), 20%
ethanol (C), 5 mM H,O, (D), and 20 mM H,O, (E). The cells were then treated with
antibodies against occludin, Claudin-1 and nuclei were stained with DAPI. The scale bar
is 10 pm.
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Figure 2.4 shows immunofluorescence images taken using antibodies
against occludin and claudin-1. The nucleus was stained with DAPI. In all cases,
immunofluorescence was carried out after 24 h of exposure to the toxic
compound. Panel A shows control samples (no toxic compound added) for
comparison. As before, a clear localization of both occludin and claudin-1 is
visible around the periphery of the cells. Panels B and C show cells after the
addition of ethanol at 5% and 20%, respectively. On addition of 5% ethanol, it
can be seen that localization of occludin, and to a lesser extent claudin, is not as
clearly present at the cellular periphery as in the control. In addition, the
slightly diffuse nature of the staining indicates that there may be a
delocalization towards the cytoplasm. In the presence of 20% ethanol, we see a
complete disorganization of the cell structures, and indeed loss of the
continuity of the cell layer. This is in agreement with other studies showing
diffuse arrangement or absence of occludin upon exposure to 0.1-10% ethanol,
although these results are often hard to compare due to vastly different
experimental conditions (including age of cell layers, exposure media, exposure
time, etc. [29,34]). Panels D and E show the effect of addition of 5 mM and 20
mM H,O, on cell layers. On the addition of 5 mM H,O,, there is a slightly
diffuse and delocalized nature to the staining of occludin, while claudin
remains relatively unchanged and the cell layers appear intact. However, the
addition of 20 mM results in irregular staining of occludin, claudin and indeed
of the nucleus, and a deformation in the cell contour, possibly due to changes
in the cell cytoskeleton. Again, comparisons with other studies from literature
confirm for concentrations of 20 pM to 10 mM H,O, the observation of occludin
redistribution [31,35,36], as well as delocalization of claudin-1 [37]. It should be
noted that although some studies show a faster effect with lower doses of H,O,,
these cells were incubated in PBS-BSA rather than complex media, the latter
mitigating the effect of the peroxide on the cells. Another oxidant, NH,Cl, has
additionally been shown to result in dispersion of ZO-1 and Claudin-1 from the
cellular periphery [42].

Following the immunofluorescence assays, Caco-2 cells were assessed for
their permeability to Lucifer Yellow, again after exposure to both ethanol and
H,O.,. Figure 2.5 shows permeability assays carried out on cells again grown on
filters. Figure 2.5A shows the effect after 24 h of exposure to ethanol. The
addition of 5% and 10% ethanol results in little or no change, with apparent
permeability values of 6.98+0.22x1077 and 9.61+ 0.21x10"7 cm-s’, respectively,
compared to the control value of 7.77+0.76x10”7 cm-s™'. Addition of 20% and
30% EtOH results in significant disruption of the barrier function of the cells
with an apparent permeability increase of 32-fold (2.14+2.50x10™ cm-s™) and
371-fold (2.48+0.033x10™* c¢m-s™) compared to the control, the latter value
corresponding to a permeability akin to that observed with a filter alone. These
data are confirmed in previous reports using radiolabeled mannitol, which
show increases in mannitol permeability after exposure to ethanol for both
Caco-2 cells [28] and MDCK II cells (a canine kidney epithelial cell line) [38],
and increases in LY apparent permeability on exposure to ethanol for Caco-2

cells [39].
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Figure 2.5: Permeability assays of cells upon exposure to ethanol or H,O.,.
Monolayers were exposed to various concentrations of ethanol (A) and H,O, (B) for 24
h. Lucifer Yellow, the permeability marker, was added to the apical side of the
monolayer and fluorescence was measured after incubation for 1 h at 37 °C in a
humidified CO2z2 incubator. Data represent mean value + standard deviation of
experiments made in duplicate.

A similar trend is observed on addition of H,O, (Figure 2.5B). Exposure
to 1 mM H,O, results in a slight decrease in permeability to 4.20 + 0.03x10™/
cm-s™ compared to the control 9.45 + 3.90x10”7 cm-s™. The addition of 5 mM
and 10 mM H,O, results in a small increase in the permeability to 1.66 +
1.o1x10 % and 2.36 * 3.32x10°® cm-s~, respectively. However, concentrations of 20
mM and above show permeabilities similar to the filter alone with no cells (3.1
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+ 0.33x10 * cm-s™). Previous studies assessing caco-2 cells after exposure to
H,O, also show increases in permeability of Mannitol [3H] [26] and LY [39].

The final assay carried out for validation was to assess the effect of
ethanol and H,O, by measuring the effect on the transepithelial resistance.
Cells grown on inserts were placed inside the CellZscope and exposed to
ethanol and H,O, and monitored in situ. The CellZscope is an apparatus that
permits real time scanning of cell layer impedance.

A.

140 |-
120 g1
100 x ----------- R © S

o

:l:: £ % """"""""" [ l

! 1
a0l : T
20} % ---------------------- o L 7
ol * @ ® ®
oo o5 10 15 20

B 140

120
100 s

80

% TER

40 B ““*._\4’--‘%““--7
20 F | }

Time (hours)

Figure 2.6: % TER value upon exposure to ethanol or H,O,. Monolayers were
exposed to different concentrations of ethanol (A) or H,0, (B). Each concentration was
tested in duplicate. TER was measured continuously using the CellZscope. Data shown
is the normalized value. Panel A shows the TER values of cells exposed to 0% (filled
rectangle), 5% (open circle), 10% (open triangle), 20% (filled triangle) and 30% ethanol
(filled circle). Panel B shows TER values of cells exposed to o mM (filled rectangle), 1
mM (closed circle), 5 mM (open triangle), 10 mM (filled triangle), 20 mM (open circle) 50
mM (open rectangle) and 100 mM H,O, (filled diamond).
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Using an appropriate equivalent circuit model, the collected data can be
fit and values for individual components, including TER, can be extracted [16].
The CellZscope models the two stainless steel electrodes as constant phase
elements (CPE), the media as a resistor, the cell layer as a capacitor and resistor
in parallel, and the porous filter as a capacitor and filter in parallel. It uses a
least squares fitting scheme to extract quantitative values for all of the circuit
components. Data were taken for 24 h, however we have chosen to focus on the
first 2 h of measurement (which is sufficient for measurement stabilization) as
shown in Figure 2.6. In the case of exposure to ethanol (Figure 2.6A), we
observed decreases in TER at concentrations of 10, 20 and 30 % resulting in
reduction of TER of approximately 20%, 75% and 90% of initial values after 2 h.
For both the control and the addition of 5% ethanol, there was a slight increase
in TER, followed by a decrease to initial levels. It is not clear what causes this
fluctuation in TER, however it has been demonstrated previously by Moyes et
al. [40] using a Millicell system for measurement of TER. In the case of
exposure to 10% ethanol, the apparent sensitivity limit, the signal remained at
approximately 80% of the initial value for a period of about 5 h but then
gradually recovered to control levels after approximately 10 h, demonstrating
the reversibility of this toxic effect at this concentration (data not shown).
Figure 2.6B shows the results obtained after exposure to H,O,. On addition of 5
mM, 10 mM and 20 mM H,O,, TER remained similar to the control for the 2 h
measurement period shown. The addition of 1 mM resulted in a slow decrease
to approximately 70% of the initial value, followed by a slight increase. The
addition of 50 mM and 100 mM resulted in sharp decreases in TER within the
period shown. It is not clear why there is a non-continuous trend (decrease in
TER at 1 mM, increase at 5, 10, 20 mM, decrease at 50 and 100 mM). One
advantage of the CellZscope setup is that it can be used for continuous
measurements in an incubator. Therefore we were able to carry out
measurements for 24 h to determine if these trends were maintained at later
time points. Following exposure of H,O, for 24 h (data not shown), we observed
an increase in the TER to initial levels for cells exposed to 1 mM indicating a
recovery of the barrier properties. For 5 and 10 mM the increase in TER was
maintained. The TER for cells exposed to 20 mM decreased steadily until
approximately 5 h post exposure, when it reached a TER equivalent to 50% of
the initial value. It is interesting that the opposite trend is observed with the
permeability assay. At 24 h we observed a slight decrease in permeability at 1
mM H,O,, but slight increases in permeability at 5 mM and 10 mM. As with the
other techniques, data from literature shows similar trends on exposure to
H,O, using the Millicell measurement system [41], although as before,
experimental conditions vary significantly [26,35,36].

Having established the performance of the three ‘traditional methods’
for assessing barrier tissue integrity upon exposure to both ethanol and H,O,,
we proceeded to compare them against the OECT as a means to measure
damage to barrier tissue integrity.

A key advantage of our sensor compared to common characterization
methods is the ability to measure the response of the cell layer to a destructive
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species with such high temporal resolution. Figure 2.7b shows the in situ OECT
response on addition of H,O,. In previous reports, effects of H,O, on Caco-2
barrier integrity were observed after 30 to 60 min [26], whereas we show an
effect within 30 s. Detection of such an immediate response has enormous
potential for toxicology purposes. In addition to high temporal resolution, we
also observe high sensitivity.
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Figure 2.7: In situ OECT response and sensitivity. a) In situ normalized response
of the OECT with barrier tissue on introduction of 100, 50, 5, and 1 mM H,O,, as labeled.
H,O, was introduced at t = 0. Here, NR = o corresponds to full barrier properties of a
confluent monolayer and a NR =1 correspond to a cell layer with no barrier properties.
b) NR controls corresponding to the OECT alone, with no cells (*), and a control
corresponding to OECT with cells, but no added destructive species ( x ). ¢) NR of OECT
with barrier tissue on introduction of ethanol (EtOH) at volume concentrations of 30,
20, and 10%, as labeled. Ethanol was introduced at t = o.

Figure 2.7 shows the normalized response of the OECT in the absence of
toxic compound (A), and on exposure to different concentrations of H,O, (B)
and ethanol (C). As indicated in the materials and methods section, data are
shown in the form of a normalized response (NR). NR is obtained by
calculating Alp/ Io and subsequently normalizing the dataset to [0,1]. Thus in
Figure 2.7A, o represents an intact barrier, while 1 represents a fully disrupted
cell layer (or OECT in the absence of cells). In the current generation of device,
since we are operating at room temperature, experiments were carried out for 1
h only. This was to ensure that temperature would the control cells had a stable
response for the measurement period, remaining at a normalized value of 1
throughout. When cells were incubated with 10% ethanol (Figure 2.7c), we
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observe only a partial disruption of the barrier function. On exposure to 20%
ethanol, total disruption of the barrier was achieved in a gradual manner over
the course of 1 h. The addition of 30% ethanol results in almost total disruption
after approximately 40 min. For both 20% and 30% ethanol, a clear effect,
corresponding to at least a 50% increase in the normalized response, is visible
within 25 and 35 min using the OECT, akin to the CellZscope measurements
where a clear effect is visible at 30 min for both concentrations. The effect of
H,O, as monitored by the OECT is shown in Figure 2.7b. On exposure to 1 mM
H,O,, barrier disruption proceeded gradually over the course of 10 min, at
which point it stabilized for the remainder of the measurement. In contrast, on
addition of concentrations ranging from 5 to 100 mM, complete disruption was
observed within 30 s. For both ethanol and H,O,, control experiments were
conducted to ensure that the changes measured in the OECT response were
due to changes in the cell layer, rather than direct interaction of the OECT and
the disrupting species [25]. OECT data match very well with data gathered
using the other techniques, showing similar levels of sensitivity for ethanol and
a higher sensitivity for H,O, than the other techniques as measured in our
laboratory. The OECT response to H,O, shows a strict correlation between
increasing dose of the toxic compound and increased disruption of barrier
tissue. This is in contrast to the CellZscope and the solute permeability assay
where the trends are in fact opposite for lower doses and in addition reflect a
non-monotonic trend. An additional point to note is the speed with which the
response is obtained, particularly in the case of exposure to H,O,, where
disruption was observed at all concentrations (except 1 mM) from one pulse to
the next. In the case of 1 mM we assume that we are at or near the limit of
sensitivity for this generation of device as we have intermediate data between
the fully intact (NR=0) and fully open (NR=1). Indeed upon addition of 1 mM
H,O, incomplete disruption was observed. To compare the speed of the
response, we can consider the time required to achieve a 50% increase in signal
for the OECT with a 50% decrease in signal for the CellZscope. For the
CellZscope, even at the highest concentration, it takes approximately 45 min to
reach a 50% decrease in signal, while for the OECT, with the lowest
concentration attempted (1 mM) this 50% increase is achieved within
approximately 7 min. It should be noted that perhaps in contrast to the
CellZscope, the OECT has been optimized to allow sensitive detection of
minute breaches in intact barrier tissue, but in turn, lacks sensitivity at the
other end of this range, unable to detect differences in barrier tissue properties
below a certain integrity threshold. In this sense, the current OECT sensor is
ideal for early time point diagnostics and toxin detection, but less suited for
studying cell coverage evolution.
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2.4 Conclusions

The goal of the work presented here was to validate the OECT against
current techniques that are used to measure barrier tissue integrity. Of the
traditional techniques, immunofluorescence provides the only way to clearly
visualize protein arrangement and cell layer integrity, but it is a static method
that is time and labor consuming and requires the use of multiple antibodies
(and therefore multiple samples) for a complete measurement. With the
immunofluorescence staining, however, it is possible to discern disorganization
in the tight junction proteins (by immunofluorescence) after exposure to 5%
ethanol, a lower concentration than for any of the other methods tested.
Permeability assays provide a robust means to study changes in translayer
solute flux, and are particularly useful in the context of drug absorption.
Unfortunately, these assays are not well suited for dynamic measurements. And
since permeability measurements are conducted with respect to a certain tracer
molecule, data are size and charge specific. For these reasons, permeability
assays are most valuable when combined with TER measurements; together,
painting a more complete picture of the barrier properties of the cell layer. It
should be emphasized that although TER and solute flux are both related to
barrier tissue integrity, they describe different functional and structural
components of the barrier and do not always change in parallel [48]. In this
study, nonetheless, for the compounds chosen, we show that trends observed
using the OECT correlate very well with the Lucifer Yellow permeability assay,
albeit more rapidly and with higher sensitivity. Both the OECT and the
CellZscope allow for dynamic monitoring of TER that is not possible with
immunofluorescence or permeability assays. The OECT compares very
favorably to the CellZscope, and could be viewed in the short term as a
complementary technology more suitable in some situations, or in the longer
term as an organic electronic based alternative to expensive electrical
impedance spectroscopy equipment. The quick action detected with the OECT
on addition of H,O, was more difficult to observe with the CellZscope. In
addition, the response with the Cellzscope was somewhat complex in nature,
without a strict dependency between increase in dose and decrease in TER.
This may reflect the fact that there are multiple effects occurring on multiple
timescales being observed by the Cellzscope, while the OECT may be
measuring a simpler, earlier effect. We demonstrated that the OECT was able
to detect not only faster events, but also more subtle breaches of barrier
integrity caused by lower H,O, concentrations. Disruption of barrier tissue by
ethanol was more gradual in nature and the evolution could be followed by
CellZscope and OECT alike. We postulate that the different nature of the signal
shown between ethanol and H,O, may be linked to the different mechanism of
action of these compounds in inducing damage to barrier tissue. Of all the toxic
compounds tested in our laboratory to date (manuscripts in preparation) we
observe that the OECT measures changes in TER with sensitivity greater or
equal to traditional methods, accompanied with increased temporal resolution.
We believe that the increased temporal resolution is due to the fact that the
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OECT is more sensitive to subtle breaches in barrier tissue. Further
optimization of circuit geometry and OECT channel characteristics for the
purpose of increased sensitivity is ongoing. A greater advantage of the OECT
based sensor, however, may lie in the fabrication: these devices, based on
conducting polymers, can be made with low cost processing techniques such as
ink jet printing and spray coating, with active areas designed to conform to
flexible substrates with unique form factors. Indeed, we have previously
demonstrated the fabrication of an ‘all-plastic’ OECT, where PEDOT:PSS served
as both the transistor channel and the electrical leads [49]. In addition to cost
related aspects, solution processing allows facile modification of device
architecture to suit particular applications or satisfy various cell-culture related
constraints, such as the need for multiple chambers for in vitro cocultures, or
smaller/larger/flexible form factors. Work is also in progress to develop an
OECT in a format suitable for carrying out measurements within an incubator
to allow the performance of longer term experiments under appropriate
conditions for cell culture. Supported by the data presented in the work, we
believe that the OECT is a competitive method for barrier tissue assessment in
regards to both function and versatility.
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This chapter is dedicated to the optimization of the OECT and the use of
a calcium chelator to damage the barrier tissue. In this chapter, like the
previous one, | performed the immunofluorescence, permeability assays and
measurement of the TER. During this work, I learned how to set up the OECT
experiment and have some trial with OECT experiment.

This chapter corresponds to articles the following published article:

S. A. Tria, L.H. Jimison, A. Hama, M. Bongo, and R.M. Owens, “Sensing of
EGTA Mediated Barrier Tissue Disruption with an Organic Transistor”,
Biosensors 3, 44 (2013).

As supplementary information a protocol is available as an article in press:

S. A. Tria, M Ramuz, L.H. Jimison, A. Hama and R.M. Owens, Sensing of
Barrier Tissue Disruption with an Organic Electrochemical Transistor, Journal of
Visualized Experiments, in press.
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3.1 Introduction

Understanding and controlling the barrier function of epithelial tissue is
of great importance for pharmaceutical research and drug development, as well
as having applications in diagnostics and fundamental research. Manipulating
barrier function is primarily applicable in targeted drug delivery, which involves
the specific transport of a molecule across the lumen to the underlying tissue.
Developing methods to achieve such transport is of particular relevance for
drug delivery across gastrointestinal tissue. In some cases, an agent is used to
temporarily increase permeability of the cell layer and allow passage of a drug
[1]. Further, drug delivery assays require adequate in vitro cell models to assess
drug transport. In vitro models for barrier tissue are also necessary to assess the
effects of toxins or pathogens, for the purpose of both diagnostics and the study
of diseases. Regardless of application, the goal of in vitro models is to mimic in
vivo barrier tissue behavior.

Barrier tissue generally consists of tightly packed layers of epithelial
cells. Individual cells are joined to one another by junctional proteins, which
act as cell-cell seals [2]. In addition, the cells are anchored to underlying tissues.
The anchoring provides an asymmetric architecture to the barrier, in which the
apical side is exposed to the lumen, and the basal side is attached to the basal
lamina [3,4]. This architecture provides selective transport across the barrier,
which can be modulated to increase the passage of nutrients via transient
opening of the apical junction [5,6]. The apical junction is composed of two
distinct junctions; the tight junction (TJ), found closest to the apical side, and
the adherens junction (AJ]), found underneath the TJ [7]. These junctions
comprise complexes of intracellular and transmembrane proteins. The major
proteins involved in TJs are claudins [8], occludins [9] and ZO-1 [10,11], while
AJs consist primarily of E-cadherin and catenin [12]. Beneath the apical junction
are additional junctional complexes known as desmosomes, which contribute
to cell integrity [13]. The integrity of junctional protein complexes, and hence
the integrity of barrier tissue, is known to be affected by outside stimuli. In
particular, the function of some proteins such as cadherins, are sensitive to the
concentration of extracellular calcium. Cadherins, found in both the adherens
junction and the desmosome contain multiple calcium binding domains [14].
When insufficient calcium is present, cadherins are not able to form homo or
heterojunctions with adjacent cells [15]. As a consequence, the proteins are
internalized, leading to an opening of the paracellular pathway. Other tight
junction associated proteins that require the presence of calcium include G
proteins, protein kinase C and calmodulin [16]. Hence, decreases in
extracellular calcium concentration can lead to disassembly of TJs. In fact, a
calcium switch assay is often used to study TJ reformation after removal and
then replacement of calcium [16].

In this study, we use Caco-2 cells grown on permeable transwell filters.
When cultured in this format, these cells are known to form polarized
monolayers with an apical brush border, similar to that found in the human
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colon [17]. More specifically, differentiated monolayers of Caco-2 cells create a
barrier similar to that observed in vivo. Confluent monolayers of Caco-2 cells
are widely used by the pharmaceutical industry to evaluate the absorption of
oral drugs: the fraction of drug absorption can be directly correlated with the
apparent permeability of the drug molecule across the cell layer [18]. The
dependence of barrier integrity of the Caco-2 cells on calcium concentration
has been confirmed [19], with the internalization of T] and AJ proteins
occurring when calcium concentrations decrease to micromolars levels [20]. As
discussed above, disruption of junctional protein complexes leads to opening of
the intercellular junction. To mimic this effect in vitro, we exposed Caco-2
monolayers to EGTA (Ethylene glycol-bis(beta-aminoethylether)-N,N,N',N'-
tetra acetic acid), a specific calcium chelator. EGTA has been shown previously
to have dramatic effects on paracellular permeability and transepithelial
resistance (TER) [1, 21]. In particular, E-cadherin was found delocalized from
the cell periphery after treatment with EGTA [22, 23]. To monitor the barrier
integrity of epithelial tissue on exposure to EGTA, we use a recently introduced
method based on an organic electrochemical transistor (OECT) [24, 25]. We
validate the OECT results with traditional characterization techniques,
including immunofluorescence staining of junctional adhesion proteins,
permeability assays and measurement of transepithelial resistance (TER).

3.2 Material and Methods

3.2.1 Cell Culture.

Caco-2 cells from ATCC were seeded at a density of 5 x 10* cells/insert
(11 cm?®). Cells were routinely maintained at 37 °C in a humidified atmosphere
of 5% COz, in DMEM (Advanced DMEM Reduced Serum Medium 1x,
Invitrogen) with 2 mM Glutamine (Glutamax™-1, Invitrogen), 10% FBS (Fetal
Bovine Serum, Invitrogen) and Pen-strep (5,000 (U/mL) Penicillin-s5000
(ng/mL) Streptomycin, Invitrogen). For all experiments, Caco-2 cell layers were
used after 3 weeks in culture, corresponding to a TER of 400-500 Q-cm” and a
maximum apparent permeability of 1 x 10°° cm-s™, consistent with literature
reports [26]. Cells were cultured on transwell filters with a 0.4 pm? pore size
and area of 1.1 cm® For OECT measurements only, 24 transwell filters were
used. Cells were exposed various concentrations of EGTA, from a stock solution
of 0.6 M EGTA in DI water, pH adjusted to 7.4 with 1 M Tris-HCl. EGTA was
added to the basal side of the cell filter, without changing media. Controls
confirmed that the act of addition/removal of basal solution alone did not
disrupt the barrier tissue layer.
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3.2.2 Immunofluorescence.

After exposure to EGTA, Caco-2 cells grown on filters were fixed with 3-
4% paraformaldehyde in PBS pH 7.4, for 15 min at room temperature.
Permeabilization was performed 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-E-
cadherin and rabbit polyclonal anti-claudin-1 and anti occludin were used at 5
pg/mL (Invitrogen), in 1% BSA in PBST for 1h at room temperature. Monolayers
were then incubated for 1h 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.

3.2.3 Permeability Assays.

After exposure to EGTA, a permeability marker (Lucifer Yellow) was
added to the apical side of the monolayer and fluorescence was measured after 1
h incubation at 37 °C in a humidified COz2 incubator. The value of the apparent
permeability (Papp) was calculated according to the following relationship:
Papp = ((Flux x Vi) /t) x (1/Co x A) and Flux =100 x (LYpas X Vbas)/(LYapi X Vapi),
where LYp,s and LY, are the concentration of Lucifer Yellow in the basal and
apical sides of the hanging porous filter, respectively, Vi, and V,p,; are the
volume in the basal and apical sides, respectively, t is the time of incubation, Co
is the initial concentration of Lucifer Yellow (LY) on the apical side and A is the
area of the filter. At least two samples were measured for each condition.

3.2.4 CellZscope Measurements.

The CellZscope (Nanoanalytics) measures the impedance of barrier-
forming cell cultures grown on permeable membranes and provides the
transepithelial electrical resistance as output. Impedance of cell layers grown
on filters as previously described, were measured in complete DMEM. During
EGTA exposure, TER values were measured continuously.

3.2.5 OECT Fabrication.

The conducting polymer formulation consisted of PEDOT:PSS (Heraeus,
Clevios PH 1000), supplemented with ethylene glycol (Sigma Aldrich, 0.25 mL
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for 1 mL PEDOT:PSS solution), dodecylbenzenesulfonic acid (DBSA, o.5
pL/mL), and 3-glycidoxypropyltrimethoxysilane (GOPS) (10 mg/mL), the latter
serving as a heat activated cross-linker to ensure film stability in aqueous
solutions. Devices were fabricated on glass slides with channel dimensions
defined using a parylene peel-off technique described previously [27,28]. In this
technique, a parylene film is deposited on glass and subsequently patterned
using conventional photolithography techniques. PEDOT:PSS is deposited on
the glass/parylene pattern. When the patterned parylene is removed from the
glass substrate via mechanical peeling, PEDOT:PSS is left on the glass in the
negative spaces. This technique allows the patterning of sensitive materials, in
that it avoids exposure of the active layer (here, the conducting polymer) to
harsh developers, solvents, or other etchants. Following PEDOT:PSS
deposition, devices were baked for 1 h at 140 °C in atmospheric conditions. A
PDMS well was added to confine the electrolyte and define the channel area.
The OECTs in this study have a channel width of 2 mm and a channel length of
approximately 6 mm, resulting in a channel area of approximately 12 mm?®.
PEDOT:PSS lines extending from the well served as the source and drain
contacts.

3.2.6 OECT Measurements.

For OECT measurements, Ag/AgCl served as the gate electrode. All
measurements were made using a Keithley 2612 Source Meter and customized
Labview software. Cell media (as described above) was used as the electrolyte.
Measurements were performed at ambient temperature, but controls were
conducted to ensure that temperature effects do not dominate changes in
OECT response within the time required for measurements. 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
[29]. OECT data were collected using the following parameters: Vpg = —0.2 V,
Vgs = 0.3V, Vs on time = 2 s, off time = 28 s. Data are shown in the form of a
normalized response of the OECT. The magnitude of modulation of drain
current on application of a gate voltage pulse (Alp) is divided by the baseline
current lo. The resulting Alp/lo dataset (unitless) is normalized to a [0,1] scale
for easier data visualization and device to device comparison. Included in each
measurement, but not shown, is a baseline of Alp/lo after cell layer removal, to
aid in the assignment of NR = 1. In this way, NR = 1 refers to no barrier
properties, and NR = o refers to full barrier properties of the cell layer (although
not full suppression of OECT modulation [24]).
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3.3 Result and discussion

Barrier tissue cells grown on 24 well filters were integrated with an
OECT as illustrated in Figure 3.1. A transwell filter hosting the cell layer is
placed within an electrolyte well, between the Ag/AgCl gate electrode and the
PEDOT:PSS channel.

Ag/AgCl (G)
h /
© channel area
T (5) (D)
electrolyte barrier tissue layer
FEDGERSS glass substrate
CROSS SECTION TOP

Figure 3.1: Illustration of organic electrochemical transistor (OECT) barrier
tissue sensor. S, D, and G refer to the source, drain and gate electrodes. The channel
area refers to the portion of PEDOT:PSS that is in contact with the electrolyte, and is
defined by the PDMS well.

3.3.1 OECT Measurement of EGTA Mediated Barrier Tissue Disruption

In an OECT, the drain current (Ip) 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
[30,31]. A positive gate voltage induces a flux of positive ions into the transistor
channel, dedoping the polymer film and reducing conductivity. On release of
this potential, the ions leave the film and the original doping level, and hence
conductivity, is restored. The Ip transient response to a square gate voltage
pulse is directly correlated with the magnitude of ionic flux into the conducting
polymer. In the present device architecture, the barrier properties of the cell
layer modify this ionic flux. Thus, monitoring the Ip response to square Vg
pulses, shown in Figure 3.2 as normalized response (NR), yields information
about the barrier properties of the cells with respect to ions in the electrolyte.
Figure 3.2a shows the OECT normalized response as a function of time in the
presence and absence of a cell layer. As illustrated in Figure 3.2a, operation of
the OECT with no cell layer corresponds to NR = 1, which is associated with a
high ionic flux through the electrolyte and into the polymer channel. When
intact barrier tissue is present, the ionic flux is reduced, and NR = o. Figure 3.2b
shows the OECT response in the presence of barrier tissue on addition of
varying concentrations of EGTA. On introduction of 1 mM EGTA to the
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basolateral side of the transwell filter, we observe negligible changes in the
normalized response of the OECT, indicating little or no disruption of barrier
properties. There is perhaps a slight, transient increase in TER, which returns to
baseline levels after 15 min. It is possible that there is a very slight decrease in
ion flux. This has been observed with other compounds at low concentrations
and may be explained by a tightening of the ion permeable T] pores due to
subtoxic exposure of certain chemicals [32]. Increases in TER have also been
observed with an increase in permeability upon overexpression of occludin,
illustrating functional decoupling of these two parameters [33].
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Figure 3.2: Normalized response of the OECT. (a) Control NR of OECT with cells
(white) and without cells (black), with no exposure to ethylene glycol-bis(beta-
aminoethylether)-N,N,N',N'-tetra acetic acid (EGTA). (b) In situ monitoring of NR on
addition of 1 mM (dark cyan), 10 mM (orange) and 100 mM (violet) EGTA. EGTA is added
at time = o, as indicated by the arrow.

On addition of 10 and 100 mM EGTA, we observe a concentration
dependent reduction in NR, indicating increasing barrier disruption for higher
concentrations of EGTA, with the presence of 100 mM EGTA destroying barrier
integrity within 45 min. These experiments were carried out for 60 min only
due to concerns that extended exposure of the cells to room temperature
conditions would induce a change in barrier tissue properties [34]. It should be
noted that in all experiments carried out in this study, EGTA was added directly
to the cell medium. We anticipate that the use of EGTA in complete DMEM, as
opposed to a calcium free buffer, will somewhat mitigate the effect of EGTA.
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However, as changes in both media and ionic composition are known to affect
TER, we wanted to ensure that we saw effects due to calcium chelation alone.
As a consequence, it is not surprising that we measure no effect on addition of 1
mM EGTA, as the calcium concentration in complete DMEM is approximately
1-2 mM and EGTA chelates calcium at a ratio of 1:1. In the case of 10 mM EGTA,
the signal appears to become saturated but at an NR of slightly greater than o.5.
It is possible that this signal would continue to rise slowly, however we have
previously observed a similar situation with low concentrations of hydrogen
peroxide [24], where the signal reaches an intermediate level and then does not
increase. This could represent a partial opening of the TJ or an inhomogeneous
chelation of the calcium across the barrier tissue layer. An important feature of
the OECT is the time in which breaches in barrier tissue integrity are detected.
In the case of 100 mM EGTA, a 50% increase in NR is observed within 5 min,
and the NR plateaus at a value slightly less than 1.0. We believe that the OECT
can detect barrier tissue damage more rapidly because it is sensitive to more
subtle breaches in barrier tissue integrity. The improved sensing speed has been
observed on addition of a variety of toxic compounds (manuscripts in
preparation). Of note, while the device is more sensitive to subtle barrier
damage, the sensitivity is expected to suffer at the other extreme, suggesting
that the present OECT is a poor sensor for the formation of barrier tissue and
gross cell death/detachment.

3.3.2 Validation of EGTA Effect Using Immunofluorescence Staining of

Junctional Proteins

Figure 3.3 shows the immunofluorescence staining of adherens and tight
junction proteins carried out after 2h of exposure to EGTA using antibodies
against E-cadherin, occludin and claudin-1. Cell nuclei were stained with DAPI.
Control staining on Caco-2 cells without EGTA exposure shows that there is at
least partial colocalization of E-cadherin with both occludin (Figure 3.3a) and
claudin (Figure 3.3b), and that all three proteins are present at the cell
peripheries. The colocalization of E-cadherin with occludin and claudin-1 is
indicative of normal maturation and polarization of the cell layer as the
presence of AJs are necessary to recruit TJs on the apical side to form apical
junction complexes, resulting in an alignment of the AJs and TJs [35]. In the
case of occludin the staining is slightly diffuse, the control included. This may
partly be because immunofluorescence was carried out on filters rather than on
coverslips, leading to slight warping of the substrate. On exposure to 1 mM
EGTA, the proteins remain colocalized, with negligible difference compared to
the control. On the addition of 10 mM EGTA, delocalization of proteins from
the periphery is observed, indicating that the apical junctional complexes have
been compromised. E-cadherin is considerably more diffuse in the sample
exposed to 10 mM EGTA compared to the control. On exposure of 100 mM
EGTA, E-cadherin, occludin and claudin-1 are present, but no longer localized
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at the cell borders. Previous studies have demonstrated that a 30 min treatment
of 4 mM EGTA added to DMEM on the apical and basal side results in the
displacement of occludin to the intracellular compartment [36], while a study
which exposed Caco-2 cells to EGTA in media without calcium for 20 min [37]
showed a normal localization of occludin with aberrant localization of claudin-
L
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Figure 3.3: Immunofluorescence of proteins in the apical junction upon
exposure to EGTA. Monolayers were exposed to various concentrations of EGTA for 2 h
and then stained with antibodies against apical junction proteins. In panel a: DAPI
(blue), E-cadherin (green) and occludin (red); in panel b: DAPI (blue), E-cadherin
(green) and claudin-1 (red). Cells were exposed to o, 1, 10 and 100 mM EGTA from top to
bottom. The scale bar is 10 pm.
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3.3.3 Validation of EGTA Effect Using CellZscope Measurement of TER and

Permeability Assays

Figure 3.4a shows the effect of EGTA on TER, as measured with the
CellZscope. As seen with the OECT, exposure to 1 mM EGTA shows a slight
change in TER with respect to the control. On exposure of 10 mM EGTA for two
and half hours, the mean TER is reduced to approximately 20% of the initial
value. On addition of 100 mM EGTA, the reduction in TER is faster, stabilizing
at 10% of the initial value. To directly compare the rate of sensing with the
OECT, a useful parameter to consider is the time taken to reach a 50% decrease
in TER. As mentioned above, the OECT detects a 50% change (increase in NR)
within approximately 5 min. In the case of the CellZscope, this change takes
approximately 15 min. The time taken to reach a minimum TER value with 100
mM EGTA was 1.5-2 h, compared to 45 min with the OECT. It was previously
demonstrated by the EVOM (epithelial Volt-Ohm meter) technique that in the
presence of 1 mM EGTA on both sides of the monolayer, a rapid drop in TER
value was observed in 10 min [38]. The discrepancy between these results and
what we present here can be explained by the increased potency of EGTA when
presented to both the apical and basal sides, further exaggerated by the use of a
calcium free buffer [23].

Figure 3.4b shows results of permeability assays carried out on Caco-2
monolayers after 2 h of EGTA exposure. The addition of 1 mM EGTA leads to a
permeability of (1.08 + 0.81) x 10° cm-s™, a slight increase compared to the
control permeability of (8.81 + 7.94) x 107 cm-s™. The addition of 10 mM EGTA
leads to an increase in permeability to (630 * 1.95) x 10° cm-s”, while
treatment with 100 mM EGTA results in a permeability of (1.64 + 0.14) x 107
cm-s ™, 18 times larger than the control value. For comparison, a filter alone
typically has a permeability of 1 x 10™* cm-s™. Previous studies of Caco-2
permeability have demonstrated a mild increase on exposure of 2 mM EGTA in
Krebs buffer, with a more marked increase at 20 mM EGTA (up to 4 hour
exposure) [23].

Measurement of permeability, although a valuable parameter, must be
considered carefully as the permeability measured is molecule-specific
(depending on charge and size). Therefore, care must be taken when
comparing these data with other parameters that describe barrier tissue
integrity, such as TER. In general, a direct correlation between the solute
permeability of a cell layer and the TER exist; tight cell layers exhibit high
electrical resistance and low permeability, although there are certain conditions
where these two parameters can be decoupled [39]. In fact, if the slight increase
in permeability can be taken as statistically significant, it is in agreement with
literature demonstrating that increases in TER can sometimes be accompanied
by increases in permeability (discussed above), thus illustrating decoupling of
these two parameters. This can be explained in part by the fact that TER is a
parameter that describes an instantaneous snapshot of ion flux through claudin
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based pores in epithelial tissue layers [40], while permeability is a parameter
that describes the transport of larger molecules, most likely through a different
pathway, one theory being that larger molecules go through barrier tissue
layers via dynamic opening and closing of tight junction strands. For this
reason, permeability is a parameter that must be measured over longer time
periods, e.g., 1 h. As indicated above, the permeability of Lucifer Yellow was
measured after incubation of this compound for 1 hour (after 2 h exposure to
EGTA). Therefore, for a fairer comparison, the latter time points should be
considered for TER measurements. In the case of the results shown here, a clear
increase in permeability is observed with 10 mM and 100 mM EGTA, in line with
the trends observed with the OECT and the CellZscope.
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Figure 3.4: % TER value and permeability assays of cells upon exposure to EGTA.
Monolayers were exposed to various concentrations of EGTA for 2.5 h. Panel a shows
normalized TER value + standard deviation upon exposure to o mM (black), 1 mM (dark
cyan), 10 mM (orange) and 100 mM EGTA (violet) for 2.5 h. During the experiment,
measurements were taken continuously. Panel b shows the apparent permeability after
exposure to EGTA. Data represents mean value + standard deviation of experiments
made in duplicate.
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3.4 Conclusions

In this study, we integrate cells with OECTs and demonstrate that the
presence of a cell layer modulates the OECT transient response. Upon a
decrease of extracellular calcium concentration due to the presence of EGTA,
the OECT rapidly senses the breach in the epithelial cell layer in a
concentration dependent manner. We validated these results by comparison
with traditional techniques such as immunofluorescence, TER measurement
and a Lucifer Yellow permeability assay, and found that the data correlates with
the results obtained using the OECT. The OECT was able to detect EGTA-
induced breaches in epithelial layers with equal sensitivity to the three
techniques tested. Of the traditional techniques, only TER measurements
(CellZscope) allow dynamic monitoring of barrier tissue integrity. Importantly,
the OECT was found to be able to detect EGTA-induced breaches in epithelial
layers with increased temporal resolution compared to the CellZscope. The
OECT appears to be uniquely sensitive to subtle breaches in barrier tissue
integrity, and measures with an extremely fine temporal resolution. We
previously showed that the OECT was capable of measuring disruption of
barrier tissue caused by exposure to hydrogen peroxide with 30 s [24].
Currently, the device probes the barrier tissue for a duration of 2 s, followed by
a 28 off time, to realize a 30 s temporal resolution. The off time of the device
serves two purposes: to give the cells adequate time to recover from the voltage
pulse, and to allow for the recovery of the PEDOT:PSS film, bringing the drain
current back to a baseline value. Duty cycle, and pulse duration could be
optimized to observe more dynamic behavior if desired, with the limiting
parameter being recovery of baseline current. For sake of comparison, the
CellZscope requires 40 s to collect an impedance scan, which puts a hard limit
on its temporal resolution.

The CellZscope has an additional advantage in that it has been
developed for use in an incubator, allowing continuous, real time monitoring of
barrier tissue properties. Although the current prototype of the OECT allows
dynamic measurement, it is limited to operation at room temperature. Work is
ongoing to transition the OECT to an in situ measurement system to allow
integration of traditional cell culture materials and electronics into an
incubator to allow longer term measurements and further to streamline the
operation for medium to high throughput testing. Future optimization of the
OECT device for sensitivity is ongoing; the device is also being adapted for use
with additional cell lines to create new tools in different diagnostic
applications. In addition, we intend to capitalize on the advantages in low cost
fabrication and ease of device design facilitated by the use of conducting
polymers towards the goal of high throughput, disposable sensing and
diagnostics.
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3.6 Appendix
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Figure S1. OECT Characteristics (no cells present.) (A) Output characteristics of
the OECT used for barrier tissue sensing. (B) Transfer characteristics (solid line) and
transconductance (dashed) for Vp = -0.6 V. The transconductance peaks near Vg = 0.3V,
the operating V; of the OECT in sensing measurements. (C) Ip transient response
(solid) to a square Vg pulse (dashed). (D) Normalized modulation, Alp/I,, for the same
V¢ pulse shown in (C). The dashed lines indicate the value extracted from data.
Extracted values are subsequently normalized to a [0,1] dataset to obtain normalized
response (NR). Alp/I, values collected prior to sensing (no cells present) are used to
define the upper extreme (NR = 1), while Alp/I, values collected immediately after cells
are introduced is used to define the lower extreme (NR = o).
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4 Chapter 4:

Dynamic monitoring of

Salmonella typhimurium

infection of polarised

epithelia using organic

transistors
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The work presented in this chapter was achieved to demonstrate the
potential of the OECT to become a new technique for long term, multiplexed
measurement of barrier tissue under physiological conditions. To reach this
goal, I first characterize the growth of bacteria. Then, I realized the last part of
the OECT fabrication which consists of the PDMS and holder gluing as well as
wiring. In parallel, I did the cell culture to prepare cell culture inserts needed
for the experiment, and prepared the bacterial cultures. I first tested the effect
of invasive and non-invasive Salmonella typhimurium on Caco-2 cells by
immunofluorescence, permeability assays and measurement of the TER after 4h
exposure. Then I carried out the OECT experiment with the new setup
developed in our lab.

This chapter corresponds to an article under review in Advanced
Healthcare Materials.
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4.1 Introduction

Epithelial tissues play a number of important roles including
compartmentalisation, protection, selective absorption and transport [1].
Measurement of ion flow across epithelial tissue (generally termed the
transepithelial resistance (TER); the inverse of the sum of ion permeabilities) is
an accepted in vitro method for assessing the integrity of epithelia. The
structures between adjacent cells in an epithelial layer that control ion flux are
known as tight junctions, multi-protein complexes containing over 40 proteins
including ZO-1, occludin and claudins [2,3]. Occludin and claudin are
transmembrane proteins containing extracellular loops that form a seal
between adjacent cells, assisted by a number of submembrane scaffold proteins
such as ZO-1. Also intimately involved is the perijunctional actin cytoskeleton
which binds to ZO-1, thus stabilising the tight junction [4]. The tightness of this
seal is dependent on the composition of the proteins in the complex,
particularly the claudins [5,6]. Steady-state ion flux via the paracellular pathway
goes either through the pore pathway formed by transmembrane tight junction
proteins, or via the non-pore pathway, postulated to be caused by dynamic
breaking and resealing of tight junction strands[6]. The distinction between
these pathways is often disregarded in literature and indeed in practice, and
permeability is measured using tracer molecules which pass through the non-
pore pathway, and thus cannot be considered an accurate assessment of the
function of the pore pathway [2]. An accurate assessment of barrier tissue
integrity must take into account both pathways, and so necessitates a direct
measurement of ion flux. Measurements of ion flux are also label-free and
directly measure a property of the cell layer, rather than indirectly measuring
permeability of tracer molecules which does not always correlate with changes
in permeability to ions [7].

Although one of the primary functions of the epithelium is to block
pathogens and toxins from entry, many enteric pathogens have evolved to
disrupt epithelial barriers through a variety of different mechanisms including
direct targeting of tight junctions or hijacking of tight junction proteins by the
pathogens as receptors [8,9]. One example is Salmonella typhimurium, one of
the leading causes of food-borne illness [8]. Symptoms of enteric disease such
as inflammation and diarrhoea are thought to result primarily from tight
junction disruption [10]. A number of techniques are used to investigate
epithelial barrier function following infection of the epithelia with enteric
pathogens, including measurement of TER, permeability assays, or most
frequently immunofluorescence images showing changes in co-localisation of
tight junction proteins [8,11-15]. Due in large part to limitations in technology,
the vast majority of these reports are either static images, or isolated
measurements with a large degree of inhomogeneity [16].The tight junction has
been demonstrated via FRAP (fluorescence recovery after photobleaching) to
undergo continuous and rapid remodelling, suggesting a dynamic structure
that changes rapidly upon exposure to extracellular stimuli on the scale of
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seconds to minutes [17]. Therefore, a dynamic method for assessing changes in
ion flux, that samples rapidly, is required to be able to distinguish between
healthy, functioning epithelia, and those disrupted due to the effects of toxins
and pathogens.

With the effort to reduce the numbers of animals used in toxicology and
in diagnostics, comes the necessity not only for the development of
physiologically relevant in vitro models, but also for relevant technology which
can accurately assess them in a low cost, high-throughput and dynamic
manner.Electronic impedance spectroscopy (EIS) has emerged as a technology
to monitor toxicology of cells in vitro [18,19]. However, in many cases the
devices are best suited to monitoring cell coverage or wound healing assays and
are not adapted for measuring subtle changes in ionic flux [20]. One device that
has been adapted for dynamic monitoring of changes in TER is the CellZscope
[21], however in its current format it is not amenable to low-cost, high-
throughput toxicology.

Organic electronic devices, over the last decade, have shown
considerable promise in interfacing with biological systems due to advantages
in terms of processing, flexibility and low-cost production [22,23]. In particular,
the organic electrochemical transistor (OECT) is a device that has been shown
to be particularly suited for measurement of the electrical properties of cells
both in vitro and in vivo [16,24] ,providing a very efficient transduction of ionic
signals to electronic ones [25,26]. In this work, we take advantage of the facile
processing and stable operation of the OECT under physiological conditions, to
dynamically monitor polarised epithelia in situ. We show simultaneous
operation of multiple transistors to dynamically assess Salmonella typhimurium
infection of an in vitro model of the human intestinal epithelium, both during
long term operation of the device, as well as a focus on early time points, made
possible due to rapid sampling. Finally, we show that the device operates stably
in cell culture medium, but can also detect the presence of pathogens in
complex matrices such as full-fat milk, of particular relevance for diagnostics.

4.2 Experimental Section

4.2.1 OECT Fabrication.

The conducting polymer formulation consisted of PEDOT:PSS (Heraeus,
Clevios PH 1000), supplemented with ethylene glycol (Sigma Aldrich, 0.25 mL
for 1 mL PEDOT:PSS solution),4,dodecylbenzenesulfonic acid (DBSA, o.5
pL/mL), and 3-glycidoxypropyltrimethoxysilane (GOPS) (10 mg/mL). On a
clean glass substrate (75 mm x 25 mm), gold source and drain contacts were
patterned via lift-off lithography and then 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-319 was used as developer. Then, 5 nm and 100 nm of Chromium
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and gold respectively, were evaporated. Finally, the photoresist was lifted-off in
an acetone bath for 1 hour, which left the substrate with the source and drain
Au contacts only. PEDOT:PSS channel dimensions were patterned using a
parylene peel-off technique described previously [25,28], resulting in a
PEDOT:PSS channel width and length of 6 mm and 1 mm, respectively.
Following PEDOT:PSS deposition, devices were baked for 1 hour at 140°C under
atmospheric conditions. A PDMS well defined the active area, resulting in a
channel area of 6 mm?®.

4.2.2 Electronics

All measurements were done using a Ag/AgCl pellet as gate electrode
(Harvard apparatus) and cell media (as described below) was the electrolyte.
Experiments were performed in a humidified incubator at 37°C, 5% CO..
Measurement parameters were chosen to avoid exposing the cell layers to a
voltage drop above 0.5V, as high voltages have been shown to damage bilayer
membranes [48]. The recording of the OECTs was performed using a National
Instruments (NI) PXIe-1062Q system. A 4-channel source-measurement unit NI
PXle-4145 was used to bias and measure simultaneously up to 4 transistor
channels. Each device is connected to an independent channel of the source-
measurement system. All the channels are triggered through the built-in
architecture of the system and are addressable individually. Both gating
parameters such as time and voltage of the pulse, and acquisition parameters
like the sampling frequency, can be set separately for each transistor. In the
experiments presented here, the current in the channel was measured at Vys=-
0.2V and each channel was sampled at 60Hz. The gate voltage was applied
using a NI PXI-6289 modular instrument. A 2s pulse was applied on the gate
every 30s, at Vy=0.3V. All the measurements were triggered through the built-in
PXI architecture. The recorded signals were saved and analyzed using
customized LabVIEW software.

4.2.3 Data analysis

Data analysis was performed using a customized Matlab program to
isolate and fit the time constant for each pulse. The time constant is extracted
by performing a least-square fit of the data from each pulse current response to
Equation 1.

~(t-to) -(t-t)
Idza{[l—e g }+[1—e 2 } Eq.
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Where o is a constant scaling term describing the magnitude of the
current response, t, is time at which the pulse starts, and t is the time constant
discussed above. Equation 1 is found to fit the experimental data well, both with
and without cells (Figure 4.S2). The second exponential term, described by a
time offset and time constant t’ and t’ is incorporated to describe the long time
evolution of the drain current, likely associated with the OECT not the barrier
tissue. The contribution from the second, slow exponential does not vary
significantly over the time-scale of the experiment. Similar relative results are
attained whether or not the second exponential is used, but result in poor fits
to the entire pulse duration (Figure 4.S2).

A background is subtracted by taking into account the time response
with no cells and after scratch. The data are then normalized using the
following equation: NR = (7 no celts = T)/ ( Tnocells- Tcells), Where T s refers to Tau
value in response to the application of the gate voltage of a barrier forming
monolayer, and 7, ceiis refers to Tau value in response to the application of the
gate voltage of no barrier, with the dataset subsequently normalized to a to [0,1]
scale.

4.2.4 Cell Culture.

Caco-2 cells from ECACC (catalogue no. 86010202) were seeded at a
density of 1.5 x 10* cells/insert. Cells were routinely maintained at 37°C in a
humidified atmosphere of 5% CO,, in DMEM (Advanced DMEM Reduced
Serum Medium 1X, Invitrogen) with 2 mM Glutamine (Glutamax™-i,
Invitrogen), 10% FBS (Fetal Bovine Serum, Invitrogen) and Pen-strep (5000
[U/mL] Penicillin - 5000 [pg/mL] Streptomycin, Invitrogen). For all
experiments, Caco-2 cell layers were used after 3 weeks in culture,
corresponding to a minimum TER of 400Q-cm® and a maximum apparent
permeability of 1 x 10°® cm-s”, consistent with literature reports [49]. Cells were
cultured on Transwell filters (Millipore) with a 0.4 pm pore size and area of 0.33
cm?.

4.2.5 Bacterial Growth.

Salmonella typhimurium strain 12023 and the non-invasive prgH mutant
were provided by Prof. Sansonetti of the Pasteur Institute, and were grown in
LB media. The prgH mutant is an established strain which is unable to invade
epithelial cells [50]. After an overnight incubation at 37°C with shaking, the
bacteria were diluted 1:100 in fresh LB and grown for 3.5 h to reach mid-
exponential phase for all experiments.
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4.2.6 Bacterial quantitation.

Basal media were collected at 30 and 60 minutes post infection. The
media and serial dilutions were plated in triplicate on LB agar plates and
incubated overnight at 37°C. The bacteria were quantified by counting the
number of colony-forming units per milliliter (CFU/mL).

4.2.7 Infection of polarised epithelia with S. typhimurium.

The day prior to the experiment, cell culture media was exchanged for
DMEM without antibiotics. The number of bacteria for each multiplicity of
infection (MOI) were calculated according to the relation OD 60onm=6x10°
bacteria/mL. Bacteria were added on the apical side of the monolayer without
changing media.

For the experiments in milk, before the experiment, apical media was
changed for microfiltered full-fat milk and ionic flux measured for 1 hour to
ensure a stable signal. Bacteria were then added to the apical side of the
monolayer.

4.2.8 Immunofluorescence.

Cells were infected as above for specified timepoints and then fixed with
3-4% paraformaldehyde in PBS pH 7.4, for 15 min at room temperature.
Permeabilization was performed 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-
Z0-1 and rabbit polyclonal anti-Claudin-1 were used at 5 pg/mL (Invitrogen), in
1% BSA in PBST for 1 hr at room temperature. Monolayers were then incubated
for 1 hr at room temperature with the secondary antibodies Alexa Fluor 488
goat anti-mouse IgG and Alexa Fluor 568 goat anti-rabbit (Molecular Probes).
Cells were stained for F-actin using Phallotoxin (Invitrogen) for 20 min. Finally,
the cells were incubated for 5 min at room temperature with Fluoroshield with
DAPI (Sigma Aldrich), mounted and examined with a fluorescent microscope.

4.2.9 CellZscope measurements.

The CellZscope (Nanoanalytics) measures the frequency dependent
impedance of barrier-forming cell cultures grown on permeable membranes
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and provides the transepithelial electrical resistance (TER) as output.
Impedance of cell layer was measured in complete DMEM.

4.3 Results

43.1 Muldplexed OECTs for long-term monitoring of integrity of polarised

epithelia

We previously integrated the OECT with epithelia and demonstrated the
possibility of measuring intact barrier function, followed by monitoring of the
effect of simple toxins such as hydrogen peroxide [16], with unmatched
temporal resolution [1,27]. These devices were adequate for straightforward
toxicology, operated at room temperature.
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Figure 4.1: Layout, set-up and characterization of OECT integrated with polarized epithelia.
(a) Layout of three OECT devices fabricated on a single glass slide. (b) Cartoon of the 3 OECTs
fabricated on the same glass slide integrated with Caco-2 cells grown on Transwell filters. (c) Picture
of the multiplex device shown on a Petri dish inside the cell-culture incubator. The cell culture
insert is shown suspended in the plastic holder affixed to the glass slide. The Ag/AgCl gate electrode
is shown immersed in the apical media, while source and drain cables are attached to their
respective positions on the glass slide. (d) OECT current response (green) to a square gate pulse
(VGS=0.3V), OECT with cells (blue) and OECT with cells after scratch (purple). (e) Normalized
response of OECT alone (green) and OECT with cells (blue) for long term device operation. Results
shown are from representative devices.
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Limitations of the device included a lack of device-to-device
reproducibility when cells were integrated and a loss of cell layer integrity after
approximately 9o minutes at room temperature, precluding testing of more
complex toxins or pathogens. To improve reproducibility and move towards
high-throughput formats, a multiplex device was adopted, as illustrated in
Figure 4.1a, where three photolithographically defined PEDOT:PSS devices were
fabricated on a single glass slide, thus improving considerably device-to-device
reproducibility. We maintained the ease of integration with current cell-
culturing protocols by culturing Caco-2 cells in a 24-well transwell filter,
depicted in Figure 4.1b. To enable long-term measurement of the device under
physiological conditions, the completed devices were placed inside a portable
incubator (Figure 4.1c). The OECT itself has been shown to be a remarkably
stable device, operating in media for up to 5 weeks [28]. Our goal herein was to
demonstrate integration of the OECT with polarised epithelia for use in
diagnostics. The operation of the OECT integrated with barrier tissue has been
described previously [16]. Briefly, on application of a positive gate voltage (Vg),
cations from the electrolyte drift into the conducting polymer channel thus
dedoping it, resulting in a decrease in the source-drain current (Ips). The
transient response of the device describes the ion flux between the gate
electrode and channel of the OECT, and is therefore sensitive to the rate at
which ions traverse the barrier tissue layer. Application of a gate voltage pulse
is illustrated in Figure 4.1d, along with the transient response to the gate pulse
an OECT alone, OECT + cells, OECT + cells after scratch (where the cell layer is
deliberately disrupted by scratching the barrier tissue layer with a needle). The
response from the OECT alone and the response from the OECT + cells after
scratch are virtually superimposable, while a clear difference can be noted in
the OECT + cells. For data analysis of long term measurements, a single
parameter, the exponential time constant associated with the initial transient
response to a constant gate voltage pulse, was chosen to monitor the barrier
tissue integrity over time (see Methods and Figure 4.S1 for details). The use of
the time constant, z, is preferred over our previous use of normalized pulse
(mid-modulation), as it is a more direct measure of the transient ion flux, is
independent of pulse length, and shows lower noise over long term
measurements.

For long-term device operation, the transient response of the OECT +
cells should remain stable. A plot of the normalised response of the time
constant for long term device operation is shown in Figure 4.1e, where o is the
OECT alone, and 1 is the OECT + cells, showing that a stable baseline is
maintained for approximately 10 hours of continuous device operation, after
which, the barrier properties of the monolayer seem to deteriorate. In
agreement with literature [29,30], we have found that there is a toxic effect of
the Ag/AgCl electrode over longer time periods (= 10 hours). This effect was
seen even when the electrode is not in active use, simply passively present in
the media (Figure 4.S1). For acute toxicology or diagnostics purposes, an
operation time of up to 10 hours is more than sufficient, and Ag/AgCl shows
superior performance than other metallic electrode materials such as
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platinum[31]. However, we are currently investigating other materials for the
gate electrode that balance performance with lack of toxicity.

4.3.2 Kinetics of Salmonella typhimurium infection of polarised epithelial cells.

We set out to use the OECT to monitor real-time infection of a polarised
epithelial cell model (Caco-2 cells) by the enteric pathogen Salmonella
typhimurium. Infections were carried out in the multiplex set-up shown in
Figure 4.1, under physiological conditions, with simultaneous recording
possible of up to 4 devices. It should be noted that addition of a relatively
simple multiplexer can allow operation of many more devices and even higher
sampling resolution. Here, the measurement was done at a sampling rate of
60Hz, to accurately characterize the response time of the transistor to the
applied pulse on the gate. For the infections we used both a WT (wild type)
Salmonella typhimurium strain and a NI (non-invasive) mutant (see materials
and methods for details). As illustrated in the cartoon in Figure 4.2a, the ability
of Salmonella typhimurium to infect Caco-2 cells has been established, and is
known to result in significant decreases in TER over a 6 hour period at a similar
multiplicity of infection (MOI) [32]. Figure 4.2b shows the normalised response
of the OECT upon infection with three different concentrations of bacteria
(MOI: 10, 100, 1000; based on the initial seeding of the cells), over a 4 hour time
period. In agreement with literature [33], the WT Salmonella provoked a
dramatic increase in ionic flux across the cell monolayer, with a complete
destruction of the barrier observed within 1 hour at MOI: 1000. In the case of
the NI bacteria, only negligible changes were observed compared with the
control.
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Figure 4.2: Kinetics of polarized epithelial monolayer infected with Salmonella
typhimurium (a) Cartoon illustrating infection with WT (left) and NI Salmonella
typhimurium (right). (b) Mean normalized response of the OECT in the presence of WT
(left) and NI Salmonella typhimurium (right) at different MOI over 4h, bacteria were
added at t=o. Non-infected represents OECT + cells with no added bacteria. (c) For
clarity individual experiments are shown here, however mean data from multiple
experiments with error bars is shown in the supplementary information (Figure 4.S3
and Figure 4.S4). (c) Immunofluorescence of tight junction proteins ZO-1 (green) and
claudin-1 (red), and the nucleus (blue) after 4h infection with WT and NI Salmonella at
different MOI. (d) Immunofluorescence of Actin cytoskeleton (red) and nucleus (blue)
after 4h infection with WT and NI Salmonella at different MOI.
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These observations were confirmed by immunofluorescence analysis of
the tight junction proteins claudin-1 and ZO-1 (Figure 4.2c) showing complete
destruction of the monolayer at MOI: 1000 with the WT bacteria. In agreement
with the OECT data, at MOI:10 or 100, while some disorganisation of the tight
junction proteins and changes to cell morphology is observable, the cell layer
remains more or less intact, corresponding to a less than total disruption of the
barrier function. It is well known that actin depolymerisation disrupts tight
junction structure and barrier function[34]. Salmonella’s ability to rearrange
host actin is well documented, and indeed we demonstrate significant
rearrangement of actin (Figure 4.2d), with characteristic punctate actin staining
previously noted for the WT [35], but not for the NI.

4.3.3 Initial kinetics of Salmonella typhimurium infection of polarized epithelial

m()n()laycrs

One of the key advantages of the device described here is the possibility
to do rapid monitoring of multiple samples. In Figure 4.2 it is clear that even at
the lowest MO], the infection reaches steady state within the first hour. For this
reason we focused on the first hour of infection (Figure 4.3a) to monitor the
initial kinetics of infection of Salmonella typhimurium. In Figure 4.3a, a clear
relation may be observed between the number of bacteria added and the
dramatic decrease in the barrier properties of the epithelial layer within the
first hour of infection. We show conclusively that the NI strain does not
generate any changes in the ion flux across the epithelial cells, regardless of the
MOI (Figure 4.3b). One interesting observation from the WT infection data is
that there is a lag time of approximately 30 minutes before the onset of the
increase in ion flux with the MOI of 10 and 100. In the case of the MOI:1000 an
initial plateau appears to be reached rapidly, within the first 20-30 minutes,
followed by a second increase leading to a complete breach of the barrier
properties of the tissue within 1 hour. To determine whether this effect was
related to bacterial replication, we determined the number of bacteria in the
basolateral compartment of the device at 30 and 60 minutes post infection

(Figure 4.3¢).
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Figure 4.3: Initial kinetics of Salmonella typhimurium infection of polarized
epithelial monolayers. (a) Mean normalized response of the OECT in the presence of
WT Salmonella over the first hour of infection. (b) Mean normalized response of the
OECT in the presence of NI Salmonella over the first hour of infection. (¢) Number of
bacteria present in the basolateral compartment of the epithelial monolayer 3omin and
1h post infection. For clarity individual experiments are shown here, however mean
data from multiple experiments with error bars is shown in the supplementary
information (Figure 4.S3 and Figure 4.S4). (d) and (e) Immunofluorescence of tight
junction protein ZO-1, claudin-1 and actin after (d) 3omin and (e) 1h infection. Bacteria
were added at t=o.

For the WT, the number of bacteria in the basolateral compartment
went from approximately 1 x 10> CFU/mL at 30 minutes, to 1 x 10> CFU/mL at 60
minutes. We assert that the second, faster phase of increase in ion flux could be
due to effects of the bacteria on the basolateral side, as it has been reported
that Salmonella typhimurium can infect polarised epithelial cells via either the
apical or basolateral sides[36]. Immunofluorescence analysis of the tight
junction proteins showed clear ring-like structures of ZO-1, claudin -1, and actin
in control and NI monolayers. In the WT samples there was a diffuse pattern of
claudin-1 and ZO-1, and a constriction of actin, starting at 30 minutes, but
plainly visible at 60 minutes.
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4.3.4 Kinetics of Salmonella typhimurium infection in milk

Hitherto we have shown OECTSs are promising tools for monitoring the
kinetics of infection of epithelia in ideal cell culture environments, however
real-life pathogen diagnostics present a number of additional challenges. Two
major problems in diagnostics are specificity; being able to distinguish
pathogenic strains from non-pathogenic strains, and, purification and
amplification of the target molecule. Often, the sample is a complex matrix
containing many different compounds including proteins, fats and other
molecules which may interfere with downstream analysis [37,38]. It is clear
from the data shown above that the OECT integrated with polarized epithelial
cells is capable of distinguishing pathogens such as S. typhimurium from
attenuated strains which are not invasion competent, and by corollary other
non-pathogenic bacteria, and is thus pathogen-specific. To mimic a ‘real’
sample, we spiked a full-fat milk with WT S. typhimurium (MOI: 1000) to assess
the effect of a complex matrix on the device operation. Although most analysis
would not occur in undiluted milk, we did not dilute the milk, considering this
a stringent test of our device (illustrated in Figure 4.4a). We demonstrate the
maintenance of a stable baseline of the OECT over 9 hours with full fat milk in
the apical compartment (Figure 4.4b). Upon addition of S. typhimurium to the
milk, we detect a complete destruction of the barrier tissue properties within
approximately 4.5 hours. This is a slower response than that seen for the same
concentration of bacteria in cell culture medium, possibly due to an attenuating
factor present in the milk or to a change in the bacterial replication kinetics.
The same experiment was carried out using a commercially available EIS
technique. It can be seen (Figure 4.4c) that the baseline signal is unstable when
the device is operated with milk in the apical compartment, although the
infection can be detected within approximately the same fiiange.
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Figure 4.4: Kinetics of Salmonella typhimurium infection of polarized epithelial
cells in milk. (a) Cartoon illustrating the integration of cells with OECT with milk in the
apical side of the epithelial barrier. (b) Normalized response of the OECT in presence of
milk and milk spiked with bacteria. WT Salmonella typhimurium bacteria were added
at t=o, at an MOI: 1000. (c¢) Percentage of the initial TER value measured using a
commercially available EIS technique (CellZscope, Nanoanalytics) upon exposure to
milk and milk spiked with bacteria. WT Salmonella typhimurium bacteria were added
at t=o0, at an MOI: 1000.
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4.4 Discussion

The development of new materials and related technologies has the
potential to revolutionise fundamental and applied research in biomedical
sciences. One example is the emergence of organic bioelectronics, which
should not be thought of as a replacement for traditional electronic materials,
but, in certain cases, has been shown to be uniquely suited to interfacing with
niche applications in biomedical sciences. The OECT has been repeatedly
shown over the last decade to be an excellent transducer of key biological
processes [25,28,39-41]. Here, we show that the OECT can be integrated with a
polarised epithelium and dynamically measure properties of the tissue in a
multiplex fashion, under physiological conditions. Previously, studies reporting
TER of infection of S. typhimurium or other enteric pathogens have tended to
show TER measurements at isolated timepoints, with relatively little attention
being paid to the initial infection, most likely due to limitations in technology.
Few studies focussing on the first hour of infection [12]. One exception is the
study by Jepson et al, where MDCK 1 cells were infected with S. typhimurium
and conductance was measured in an Ussing-chamber type apparatus [42], a
technique that requires a bulky apparatus that could be scaled up with
difficulty [43]. We show the first example of a systematic dynamic study on the
effect of Salmonella typhimurium infection of human epithelium. The OECT
provides a detailed view of early events, allowing further investigation of the
molecular events involved, using complementary techniques such as
immunofluorescence and invasion assays.

We propose that the pathogen-specific diagnostic shown here holds
great promise for food and water testing. This is particularly underlined by the
excellent stability and long-term operation of our device, and further by its
operation in milk. The majority of methods used for diagnosing the presence of
a pathogen in a food or water sample rely on techniques such as PCR or ELISA.
Such molecular diagnostics methods are capable of detecting very low levels of
Salmonella typhimurium, however they generally require upstream purification
and amplification steps, and often suffer from lack of specificity. Previously,
studies have shown detection of S. typhimurium in milk[44], however, to our
knowledge, this is the first report of the dynamics of infection of polarised
epithelial cells with an enteric pathogen present in a complex matrix. The
advantage of a live-cell based technique is that the disruption of ion flow in the
cell layers will be due only to live pathogens and will not be affected by dead
bacteria or background flora that often give false positives in current diagnostic
methods[37]. The detection of Salmonella typhimurium in milk was found to be
slower than in cell culture medium, possibly due to protective effects of milk
proteins or sugars. Reduced levels of invasion of Salmonella spp. have been
demonstrated in human milk [45,46], and in one additional study with certain
bovine whey products [47].
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4.5 Conclusions

A paradigm shift is slowly emerging in the study of barrier tissue with
the realisation that the tissue is dynamic and undergoes changes very rapidly
upon response to stimuli. To fully meet the needs of scientists studying barrier
tissue for toxicological purposes, diagnostics and basic research, tools must be
made available that provide an exact picture of the response of the tissue. We
believe that our OECT-cell based device fulfils these requirements. Future
requirements of the in vitro toxicology community will include a transition to
3D culture systems, with incorporated microfluidics, and importantly, in-line
monitoring systems, something that seems infinitely possible given the
progress reported here, and the literal flexibility of organic electronic devices. A
further consideration is cost and capacity for high-throughput, again achievable
with organic electronic devices which are amenable to large scale and low cost
production.
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Figure 4.S1: Effect of Ag/AgCl electrode on barrier properties of polarized
epithelia. TER values are shown as measured with the CellZscope. 3-week old Caco-2
cells grown on inserts were maintained in cell culture media and Ag/AgCl electrodes

were added in the apical compartment at t=o.

103



a C.
T T T T T T T T T T
0,0 be & 0.20-
=
0.2 - 015
| =
8
04 = 2 0,104
8
z 06 g 005
- =
.08 0,00+
—~ 1074
<
-1,04 :g' 10:1
2 10°] .
1,24 g oo M
T0 1z 3 £ 10
Time (s)
d' ? T T T T T
o 10
g
g
Q
% 05
N
g
&
Z 0,04- .
T T T T T
0 1 2 3 4 5
Time (h)
a0 1 2 3
Time (s)

Figure 4.S2: Details of current pulse response curve fitting. a/b. Current pulse
response data (grey/black) with (a) single exponential fit overlaid (red/pink), and (b) 2
exponential fit (dark/light cyan) in addition to the fit residuals. For the 2 exponential
fits, the individual exponential components displayed: the initial exponential rise
(dotted lines), used to extract the time constant, and the slow-varying exponential
(dash-dot lines) which are similar regardless of the state of the barrier layer. c. The time
course of the time constant extracted from fits, and the fit residual for MOI 1000 using
single (red), and double (cyan) exponentials. d. The normalized response of the same
data from c, top.
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Figure 4.S3: Mean and standard deviation of the OECT normalized response in
the presence of WT Salmonella typhimurium. a. Normalized response over 4h infection.
b. Normalized response during the first hour of infection. Each curve represents the
mean + standard deviation from different experiments, with a minimum of three
inserts for each point.
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Figure 4.S4. Mean and standard deviation of the OECT normalized response in
the presence of NI Salmonella typhimurium. a. Normalized response over 4h infection.
b. Normalized response during the first hour of infection. Each curve represents the
mean + standard deviation from different experiments, with a minimum of three
inserts for each point.
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The work presented here contributes to the development of a system
that can detect a wide range of toxins and enteric pathogens to enhance the
protection and safety of people worldwide. The OECT integrated with live cells
has the potential to deliver such a solution and is emerging as a viable
alternative to traditional methods.

The first task realized in this project was to characterize the Caco-2 cell
line with traditional techniques. Having established the parameters for intact
barrier tissue, we used the same experimental conditions to perform assays
with the OECT. We demonstrated that the OECT was able to detect not only
faster events, but also more subtle breaches of barrier integrity caused by lower
H,O, concentrations. Disruption of barrier tissue by ethanol was more gradual
in nature and the evolution could be followed by CellZScope and OECT alike.
We postulate that the different nature of the signal shown between ethanol and
H,O, may be linked to the different mechanism of action of these compounds
in inducing damage to the barrier tissue. The OECT was found to be able to
detect EGTA-induced breaches in epithelial layers with increased temporal
resolution compared to existing methods. In the last stage of this work, OECTs
were integrated with a polarised epithelium and dynamically measured
properties of the tissue in a multiplex fashion, under physiological conditions.
A systematic dynamic study on the effect of Salmonella typhimurium infection
of Caco-2 cells was achieved, providing a detailed view of early events, allowing
further investigation of the molecular events involved by using complementary
techniques. This new generation of devices underlies excellent stability in milk
and the long-term operation of our devices, and further, its stable operation in
milk. Our OECT also holds great promise for food and water safety. The
advantage of a live-cell based technique is that the disruption of ion flow in the
cell layers will be due only to live pathogens and will not be affected by dead
bacteria or background flora.

Future work will include testing our prototype with viral proteins. To
allow testing for toxicology, 3D culture systems with microfluidic system may
be developed. The flexibility of this device shows great potential as an in line
monitoring system. Ongoing work will focus on increasing device numbers
compatible with high-throughput screening and an increase of device operation
time. The device is also being adapted for use with additional cell lines to create
new tools in different diagnostic applications. Future applications could include
the use of our system to screen for compounds that restore membrane integrity
following exposure to pathogenic agents. An important challenge to be
addressed before these devices are ready for real-world applications relates to
the packaging of the devices with cells used in clinical applications.

In summary, we have demonstrated a sensor that shows disruption of
epithelial tissue sensitive to subtle breaches in barrier tissue. We think that
OECTs hold great promise for food and water safety, toxicology as well as in
basic research.
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Abstract:

In biological systems, different tissues have evolved to form a barrier. An
example is the intestinal epithelium, consisting of a single layer of cells lining
the wall of the stomach and colon. It restricts the passage of harmful chemicals
or pathogens from the light into the tissue, while selectively absorbing the most
nutrients, electrolytes and water are necessary for the host. Tight junctions are
structures which limit the passage of the material through the space between
the cells. The ability to measure the paracellular and transcellular transport is
of vital importance because it provides a wealth of information on the state of
the barrier, indicative of certain disease states , since the disruption or
malfunction of the structures involved in the transport through the tissue
barrier is often caused or is indicative of toxicity or disease. In addition, the
degree of integrity of the barrier is a key indicator of the relevance of a
particular model in vitro for use in toxicology and drug screening. The advent of
organic electronics has created a unique opportunity to connect the worlds of
electronics and biology, using devices such as organic electrochemical
transistor (OECT), which provides a very sensitive way to detect ionic currents.
These devices have unprecedented sensitivity in a format that can be mass
produced at low cost.

The purpose of this study was to integrate a monolayer of cells
representative of the gastro intestinal barrier with OECTs, to create devices that
detect disruptions of the barrier in a timely and sensitive manner. This
technique was demonstrated to be at least as sensitive, but a higher speed than
current techniques on the market.
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Résumé :

L’épithélium intestinal est un exemple de tissu qui a évolué pour former
une barriére. Cette barriére limite le passage de produits toxiques d’agents
pathogénes a partir de la lumieére vers les tissus, tout en absorbant les
nutriments, électrolytes et I'eau nécessaire a I'hdte. Les jonctions serrées sont
des structures qui limitent le passage de la matiére a travers l'espace
intercellulaire. La capacité de mesurer le transport a travers cette barriére est
d'une importance capitale car elle fournit des renseignements sur I'état de celle-
ci, révélatrice de certains états pathologiques, puisque la perturbation ou
dysfonctionnement des jonctions serrées est souvent due a ou est un indicatif
de toxicité ou de maladie. En outre, le degré d'intégrité de la barriére est un
indicateur clé de la pertinence d'un modeéle in vitro particulier pour une
utilisation en toxicologie et screening de médicaments. L'avenement de
|'électronique organique a créé une occasion unique pour connecter les mondes
de I'électronique et de la biologie, a 1'aide des dispositifs tels que le transistor
électrochimique organique (OECT), qui fournisse un moyen trés sensible pour
détecter des courants ioniques. Ces dispositifs ont une sensibilité sans
précédent, dans un format qui peut étre produit en masse a faible cofit.

Le but de cette étude était d'intégrer une couche de cellules
représentative de la barriere gastro intestinale avec des OECTs, pour créer des
dispositifs qui permettent de détecter les perturbations de cette barriére d’'une
maniére rapide et sensible. Cette technique a était démontrée pour étre au
minimum aussi sensible mais d'une rapidité supérieure que les techniques
actuelles sur le marché.
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