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Organson-chiparea new class ah vitrodevicesaimed atimproving the predictivity of preclinical
drug testing models byntegrating physiologicallyelevantfeaturesin cell culture devicesusing
microfabrication techniquesn human bodies, @thelial tissues are the first line of defence against
the external environment and act as barriers by expressing-itettular protein complexes called
tight junctions(TJ). Thepithelial physicalbarrier has selective permeability properties which can
experimentally be measured by electrical meanhsthis thesisthe designsimulation,modelling,
optimisation, fabrication and ex@rimental characterisationof a novelorganon-chip devicefor
epithelial cellculture andepithelial barriermonitoring are described.In the device, cells are
cultured on top of a nanoporous support, fed by constant perfusion of growth mediunbamikr
properties are monitoredin reatltiime with integrated coplanar Pt/Pt-black electrodes Finite
element method (FEM) simulations were used to develop a new coplanar electrode ddsamn
achievedgreater sensitivity (45-fold) comparedto the other coplanardesigrs presened in the
literature. Thigdesignwas formed by 2 circular segments electrodes divided by a polymeric septum.
Thehigh sensitivity of the novel electrodkesignenabled the measurement of epithelial electrical
properties directly at the ailiquid interface (ALI) and was usedmmnitor disuptions in the barrier
properties of primary bronchial epithelial cells (PBfCultured on commercial supports
(Transwel®) induced by a calcium chelato(EGTA) The measuredbarrier disruption was
comparable tathose measuredby standard systems withoutequiringa submerged culture. The
microfluidic device waused to monitor the establishment of tiphysicabarrier under submerged
conditionsfor 6 daysof the human bronchial epithelial cell line (16HBE)4md disruption of the
physical barriemduced by stimulation with a viral mimic (poly@}). All results wereomparable to
the ones measuredby standard systemsThis platform is an easyo-manufacture alternative to
available systems with the unique potential to enable the +#teak epithelial barier monitoring

under submerged or ALI conditians
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In the last 50 yearshe R&D cosbf developing a new druggas been increasing steadflij, with
estimatedvalues 0f231 million US$ in 1982], of 802 million US$ in 2003] and 1.8 billion US$

in 2010[4]. Research and preclinical testing of a new candidate accourdgproximatelya third

of the total cost, while the clinical development accounts for the remaining two tfdd$Studies
suggest thathe increased cost of theinical development stagm recent years is related to the

type of drugs that are being developed. For example, drugs aimed at degenerative diseases require
longer trials. At the same time, drugs aimedositaining betterperformances oflreadyexisting

ones have smaller incremental benefitand require larger samples sizes to achieve statistical
significancg5].

Another reason whytte figuresfor the drug developmentostsare so highs the fact thatfor each
successful candidathere are several msuccessfubnes that are accounted for in the total cos.

high rates of attrition Attrition rates have substantial effects otine total costsespecially in the
clinical stage, wherehe average probabiy for a new drug candidat® reach the markefh a £ m M 2
[5]. One of the cause of high attrition rates at the clinical stage is the lack of good models at the
preclinical stage: drugs that passed the preclinical stage are faftevd ineffective or with harmful
side-effects during clinical trialsA wayto reduce the overalprocess cost is teeduce the number

of failures duringthe clinical stage byeveloping more predictivén vitro modek during drug
development preclinically In this way the atition is shifted from theexpensive clinical stage to

the faster, high-throughput preclinical stagé4].

Currently, models adopted in the preclinical stage consish vivo animal models and simple
in vitro models.In vivomodek useanimals agomplete representations of biological systerne
advantage othesemodelsis thatthe effectiveness of drug candidates is regulated by absorption,
distribution, metabolis and elimination (ADME) processes whichas® relevant for the human
physiology[6]. At the same timgdue to their complexity, thse modelsare not able to provide
detailedinformation on underlying physiological mechanismbeir experimentatiors are usually
low-throughput, expensive, labotintensive and are often burdened by ethical implicatians
animal usg7]. Additionally it has recenthbeenobservedthat preclinical findings obtained with
animal modeldgranslate poorly tohumars due to crucial genetic, molecular, immunologic and
cellular differences[8, 9, 10] Traditional 2Din vitro models focuson ailtures in simple
environments of mmortalised cell lines or primary cells which are derived from patiefteir
experimentation is higithroughput, but they fail to recapitulate the overall complexity of e
vivo physiological condibns (e.g. spatial orientation, cetlell communication and cefhatrix
interactions)and may lead to inaccurate resuftsl].

The study of asthma is particularly affected by the lackppiropriatemodels. Asthma is a medical
condition of the conducting airways which leads to symptoms of coughing, wheezing, chest
tightness and breathlessness. Symptoms can range from mild to severe with large variations among
different patients. Individuals sometimes undergo a temporary sigamti worsening of the
symptoms called exacerbations that can lead totlifieeatening conditions which requires medical
assistanceOnly two new treatmentstargeting new drug pathwaybhave made it into clinical
practice over the past 50 yeafanti-IlgE, onalizumab, and a bronchodilator targeted at leukotriene
receptors, montelukast)Many drug candidates that passed the preclinical tests on animal models
failed in he clinic because of safety efficacy issues. Micare the most commonly used animal
modek for asthma but have substantial differences in lung structumad genetic background
compared to humansvhich causes them fail teecapitulatethe human diseas§l2, 13] Current
humanin vitromodels should be more predictive, but fail to recapitulate interactions between cells
and their environmenhormally foundin vivo[14].

A new class of deviceslled organsn-chip has recently been developed in an attenpfill the
gap between traditionain vitro andin vivomodels.These systems use the latest advameatin
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microfabrication techniques to create complex featunewitro. Spatial, chemical, mechanical and
biological stimuli are designed within these tgyss to emulate physiological conditiofiss]. Cells
cultured in these devices exhibit tissievel properties that closely resembles the onearfd in
vivo. At the same time, these systemare designed for highly paralledid applications, greatly
increasing experimental throughpiii6]. Compared to traditional investigation methodologies,
these devices aim to obtain biological information that are minely detailed and with higher
throughput thanthe animal models and more realistic and reliable than the traditionalitro
studies[17].

1.1  The epithelial barrier

The epithelium is one of the most examined tissues in drug testing studies because it is the first
barrier that the human body has against the external environment and drug candidates that require
absorption through the skin, gastrointestinal (Gl) tract or airways need to be able to pass through
this barrier. These include orally administered drugs in the fartaldets for absorption through

the Gl tract and locally administered drugs e.g. inhaled drugs for absorption through the airway and
drugs in creams and ointments for abption through the skin. Thesdrug candidates require
absorption through the epithi@m in order to reach their target and exert their pharmacological
effect.

Epithelia line every cavity in the human botihat interfaces the externafskin, gastrointestinal
tract, airways) and internal (liver, kidnegmivironment A schematic diagram of the epithelium is
shown inFigurel-1[18]. The ithelia barrier isformed by closely packed celennected to each
other by intercellular protein complexesFocal adhesions and hemésmosomes are
macromolecular complexes (based on proteins of the integrins family) which fix the position of the
cell by anchoring the actin filaments of the cytoskeleton to the extracellular matrix (ECM).
Desmosomes and adherens junctions are compldékased on the alciumdependent cadherin
protein) which form theinitial connection between neighboing cells by connecting the actin
filaments of eacltellscytoskeleton19, 20] Gap junctions are&eomplexes that allowhe exchange

of modecules between adjacent cells, whitgght junctions (TJ)regulate the communication
between the inner part of the tissue and the external environmandl regulate the permeability

of the epithelial barrief21].
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Figurel-1 Schematic repreentation of an epithelium. Neighbouringi¢helial cellscontact each
other with T, adherens junction, gap junctions and desmosomes, whereas they bind
to the ECM with hemidesnsmmes and focaldhesions Copied fron{18].

1.1.1 Tight junctions

T3 are protein complexes that hold epithelial cells togetfiemming an epithelial sheeand
separates the inside ofissues fromexternalcavities. They dividthe epithelial cell layemto two
distinct compartmentsthe apicalcompartmentwhich is in contact with thexternalenvironment
and the basolateralcompartmentwhich is in contact with the inner tissue and the basement
membrane. This separation beteen the two compartments allows the glarisation of the
epithelial barriewhich consists ahe differential expression girotein complexes from the apical
to basolateral compartmentsThis polarisatiofis important for the establishment of gradienté
ions acoss the membrane and to maintain speigatifunctions of each compartmenCurrently,
there are more than 40 proteins which amesociatedvith the tight junctioral complexFigurel-2)
[22]. These include znula occludens (ZO) which are intracellular proteins whmimnect
transmembrane proteins witkthe actincytoskeleton;claudinswhich are transmembrane proteins
andplay a fundamental role in selective ion permeabitityd electrical resistan¢ceccludinwhich

is a transmembrane proteiaf unknown functiorandthe junctional adhesion molecul& (JAMA)
which is a transrembrane proteir{23, 24] Electron microscopy of freeze fractures of TJs show that
they consist of rows of 10m wide junction point$23].
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Figurel-2 T structure. TJs are protegomplexes that seal the intercellular space between two
cells, yielding selective permeability to ions and macromolecules. They consistsof row
of 10nm wide junction points. Morehan 40 intracellular and transmiembrane
proteins are involved in forming §Xopied fronj22].

In virtue of the fact that Bhave séective permeability to ionsthey have often been studidoly
electrical meang25]. This method of charactemdsion consistsof applyingan electric potential
difference across the tissue and measgrthe resulting current. He electric resistance of the
tissue is the resistance offered to the movenenions by therdsand is called the Trarspithelial
Electrical Resistance (TER or TEER).

With this characterisationit is possible todetermine that different epithelia in the body have
different TER depending on the tissue funct[@t]. For example, @thelia in the intestinewvhich

need to absorb nutrients are quite leaky and have low TER, whereas epithelia from the conducting
airways which are exposed to dust and pathogens and need to act as strong barriers are tighter and
have ahigher TER.

On a micrgcopic level the tighmess of aarrier can be related to the struate of its Td. Tight
epithelialbarriers havestrong, uninterrupted pericellular distributions of TJs whereas leaky barriers
have redistrbution of the TJs leading to an interrupted, reorganised pericellgkaibdtion [25]. If

T& are disruptedvia redistribution or downregulation in protein expressjdhe epithelium loses

its selective absorption properties. The disruption of the epithelial barrier is in fact associated with
mary diseased Y Of dzZRAYy 3 | A0 KYI26k YR / NPKYyQad RAA&SIFaS$s

11.2 Examples of epithelia

Epithelia have different structures depending on their functions. Here structures of intestinal
epithelium and of airway epithelium are analysed.

Theintestinal epithelium

The main function of the intestine is to absorb nutrients from the food passing throgh
gastrointestinal tractin order to effectively perform this functiorhé intestinal epithelium has two
key features: (1)tihas a cylinddal structure and (2) achepithelial cell has microvilli protruding
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from the apical region of the membran€he presence of treemicrovilli is fundamental to increase
the effectivesurfaceareaof the epithelium that can absorb nutrients.

The arway epithelium

The airway epithelium is a multayered cellular structure comprising a number of cell typieisas
the unique feature of being expose® tan airliquid interface (ALIformed by tissue on the
basolateral side and aimathe apical siden the gasexchange region of the airways these include
alveolar epithelial cells which comprise a single layer of epithelial cells in close proximgingie
layer of endothelial cells comprisirmood vessels. In the conducting airways thes#isinclude
basal epithelial cells, ciliated columnar epithelial cells and mypooducing goblet cells.

In the conducting airways, the main function of the epithelium is to act as a physical barrier against
particulates, dust and noxious gases that can betaimed in the environmental aive breatheand
prevens their entrance in the inner part of the airways. These cells have been known for a long
time to achieve this function by means ®ds Another function of the epithelial barrier is to act
against cheritals that might be inhaled. This chemical barrier is performed by the presence of
antioxidant agents and by the secretion of mucus, which is a viscoelastic gel that contains many
proteins able to prevent dehydration and sequester pathogdie last fundbn of the epithelial
barrier is to act against pathogens that might bédted by regulating the innate and adaptive
immune responses of the bodyf the homeostasis is disrupted, the barrier secretgokinesand
chemokinesvhich are proteins thaleadto the recruitment and activation of immune cells and the
removal of the pathogens.

Disruption of Td leading to alterations ithe airway epithelial barrier iassociated withmany
humanrespiratorydiseasesForexample in asthmadifferences in the stucture of T3 between a
healthy and an asthmat epitheliumare shown inFigurel-3 [27]. This figure shows the structure

of an epithelial tissue obtained with a bronchial biopgyich allows to obtain information on cell
nuclei and TJs spatial organizatitma healthy epithelium, TJs are well orggaal TJs are formed
around the apical sidef each cell (pericellular) forming a regular honeycomb network on the XY
plane. On the XZ plane, they are confined in the apical side of the first cell llmyentrast, the
asthmatic epithelium shows a marked decrease in the number carid$hey areredistributed
Moreover, the existing asthmatic $are less organised in the XZ plane, thus causing a further
decrease in the barrier properties towards external agents.



Normal bronchial biopsy Asthmatic bronchial biopsy

Figurel-3 Differences in Tdistribution from patients with the respiratory disease asthma and a
healthy control. Image of a healthy epithelium (Left) and an asthmatic epithelium
(Right) obtained from a bronchial biopsy. A top view (XY) and a cross sectional view
(XZ) are showrmhe TJ protein Z€1 is stained using an antibody conjugated to a green
fluorescent dyewhile nuclei are stained in re€Copied fronj27].

Experimentallyin vitrostudies ofasthma use primarlronchial epithelial cells (PBED]Jtures from
asthmatic donors Epithelial cells are collected from volunteers, expanded and used to investigate
epithelial barrier functionn vitro. Using this technique, it was demonstrated that primary cells from
asthmatic donorsretained the defectsof the original culture (e.g. increased ionic and
macromolecular permeabilitf28]), indicating this as a mode&pable ofully recapitulatingthe in
vivocomplexity [29, 30]

1.2 Commercidsystemdor investigating epithelial barrier function

Several systems for thia vitro analysis of epithelidbarrier functionare availablecommercially
Transwel®supports are the most commonly used system for kegn culture of polarised cells.
Pemeability of the epithelial layer to macromolecules is usually assessed using fluorescently
labelled macromoleculeg(g. FIT@extran)whereas permeability of the epithelial layer to ions can

be asseswl with three systems:he Epithelial Voltohmmeter (EBM) systemthe CellZscope®
systemand theHectric Celsubstrate Impedance Sensing (ECIS®) system

1.2.1 TheTranswel®system

The standardhn vitrosystem used in biology fatudyingepithelialbarrier function irtissuecultures

are the Transwe®supports by CorningThe structure of a Transwell® consists of a microporous
membrane mounted on the bottom of a polymeric hold&ranswell® membranes are available

with different pore sizes (0% my, pore densities (1810° holes/cn?), thickness(10p 1 >Y 0 | YR
growth area (.14344 cnv) [31]. The design of the Transw®llholder allows the culture to be
suspended in a well of a conventional microplageshown irFigurel-4. Cells are cultured on top

of the membrane and are exposed to separate basolateral and apical compartments filled with
growth medium.The support has open access to both compartments enabling simple medium



replacement and apical or basolateral challengépithelial cells cultured on this support polarise
and form a physical barrier with expression of tight junctional proteihgheir apical surface.
PBECultured on Transwel® systemsat the ALl in presence aktinoic acid are known to
differentiate andform pseudostratified structures with basal cells supporting ciliated cells and
mucusproducing goblet cell32, 33]

TRANSWELL®

APICAL
COMPARTMENT

EPITHELIAL
m CELLS
INANOPOROUS BASOLATERAL

SUPPORT COMPARTMENT

Figurel-4 CommerciallranswelBtissue culture supportised for investigating epithelial barrier
formation. Picture of a commercial supp¢®l] and a schematic of cells cult®n a
commercial supportCells are grown otop of a nanoporous membrane in the apical
compartment and are exposed to two separate compartments (i.e. apical and
basolateral).

1.2.2 The EpitheliaMoltohmmeter (EVOM) system

A widely adopted tool for the measurement of tiphysical barrier oépithelialcells cultured on
porousmembranesupports is the EVOM system of epithelial voltohmmeters which contain STX2
‘chopstick’ electrodes connected to an EVOM me@es shown irFigure1-5. This was the first
instrument designed to perform routine TER in tissue culture researchisTéisaneheld system

with two Ag/AgCl electrodes mountesh the tips of two parallel polymeric stickso perform the
measurement one stick aced into the basolateral compartment of the cultuvdhile the other

is placed into the apical compartmerithe chopstick electrodes are connected to an epithelial-Volt
Ohmmeter which applies the electratimulus and measures the response of the systdhe
commerciaEVOMZ epithelial Volt-Ohmmeterby World Precision Instrumentses a 12.5Hzjsare
current wave with nominaamplitude+10mAas stimulusThe main drawback of this system is that
the position of the elecbdes relative to the culture atts the current pathway and thus the
reading of the resistancandthe accuracy of this system is ir¢hced by the skill of the operator
[34]. Moreover, the intrinsic nofhomogeneity of the electric field can cause overestioraof the
cellular resistancg35]. Lastly, this system requires a submerged apical compartment and is
therefore not suitable for continuous measurements at the ALI.
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Figurel-5 Schematic of the commercial EV@dithelial Volt-Ohmmeterfor the measurement
of epithelium electrical properties. The two ends of the chopstick electrodes STX2 are
submerged in the basolateral and in the apical compartment. The resulting current
flows through the cell layer and probes the epitheli{84].

1.2.3 TheCellZscop@®system

CellZscop®by nanoAnalytic&mbHis a commercial system to measurans-epithelialimpedance
spectra of tissues cultured on Transv@dlpports as shown ifrigurel-6. Itis formed by 2 parts.

The bottom part has steel culture wells which define the basolateral compartments (similarly to a
microplak) and act as electrode$he toppart is a removable lid with integrated steslectrodes
which are submerged in the apical compartmerfte measure the culture electrical properties, a
potential difference is applied between the electrodes and the résglicurrent is measured,
similarly to the conventional measuremesystem Sveral advantagethat this system has over

the conventional measurement system include amomated and paralleded measurement a
homogeneous electric field and the possibility to apply signals with different frequencies, obtaining
information onboth the tissue resistance and capacitan@®, 37] The main limitation of this
system is that itan onlybe used taanalysesubmergectultures grown on Transw@ksupportsand
thereforeis notsuitable for continuous measurements at the ALI

1.2.4 The Hectric Cellsubstrate Impedance SensingCl8) system

Another commercially available system that usegedance spectroscopy to monitor cellular
properties is the EC&%Electric Celubstrate Impedance Sensirgystemby Applied BioPhysics. In
this systemadherent cells are grown directly on topmé&nargold electrodes as shown irrigure

1-6. When a potential difference is applied between the electrodes, the resulting current depends
on the cellular coverage and properti€Ehe system can be used to observe several phenomena
such as cell spreading and proliferation, cellular mionotion and wound healing. Different
electrodes geometry are needed to study different effef8%, 38] The main limitatio of this
system is that it canrtaanalyse altures grown orporous suppdas, which is a necessary condition
for cell polarisation (i.e. Tdssembly) and differentiation (i.e. ciliated cells and mucus producing
goblet cells).



Figurel-6 Schemaits of commercially available setups for the eleetrimpedance spectroscopy.
(a) ThecellZscop®is formed by a bottom plate with integrated Transv@dhsolateral
reservoir and steel electrodes, and by a removable lid with integrated apical steel
electrodes [36]. (b) The ECI® system is formed by planar gold electrodes for the
measurement of adherent cell88].

1.3  Organon-a-chip devices for monitoring the epithelial barrier

Organon-a-chip are a new class oficro-devices which aimatreplace conventional tissue culture
systems. These modelsuse cutting edge microfabrication technologies tecreate in vitro
physiologically relevant features of tievivocellular environment. In this section some capabilities
of the orgars-on-a-chipthat have been demonstrated in the literatuage presented.

13.1 Gonstant perfusion

The main limitation of convdional static culturslies inthe nonphysiological way they are fed. In
such systems, the cells are submerdgdyrowth medium which is replaced evenB2ays. In the
human body inkad, cells are fed by constaperfusion of bloodhrough the tissueThis difference
leads to different concentration profiles of chemicals across the system.dtatic system the
concentration of nutrients is high when the growth medium is added and starts decreasing during
the following days until the mediuris replacel, leading to a sasooth profile. In a perfusion
system the inlet concentration is constant gntithe consumption is stabléhe nutrients reacha
steadystate concentration profile which is stable over time. A similar reasoning can be applied to
wasteproduced by the cells, which builgp until the medium is replaced in static cultures, or are
constantly removed readhga steady concentration in a constant perfusion environm&irice an
inhomogeneougoncentration profilecanaffect cellular regulatio mechanisms anihhibit cellular
proliferation, constant perfusion is adopted in all organ-chips trying to recreatein vivclike
conditions.

132 Air-liquid interface systems

One of the most relevant physiological features of the airways is the coexistéacgaseous and

liquid phaseWhile some cell linesan polarise undesubmergedconditions primary bronchial

epithelial cells (PBE@quirethe presence of arLlin order to polarse, differentiate and form a

physical barrier.Several orgaon-chip devicesenabling this feature have been developed,
providing a more physiological representative model of the airways.

Nalayandeet al.[39] developed an open access device whepihelialcells can beultured with

the apical sidepen to the atmosphere while they are fdéy cell culture medium bflow on the
basolateral sideln this systema nanoporous polymeric membrane is sandwiched between two
layers of polydimethylsyloxang PDMS). Thepening iscreated by punching a hole throughe
PDMSCells cultured in this platform demonstrated a higher degree of monolayer integrity and a
decrease in surface tension of the hypophase as compared to cells cultured under conventional
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media exposureln anotherstudy Huhet al.investigated the effcts that the ALI induces in a cell
culture with two devices inwhich the gaseous phase was coefi in closed channels aribw
condition wereapplied[40, 41] Schematic structure of the analysed systems are shoviiguare
1-7. These studies proved the feasibility of the recapitulation ofaiculture and the replication
of the alveolar spacén a microfluidic device. Moreover, usinguftrescence microscopy, TER
measurements and analysig the surface taesion they showed that this cogfiration yields a
culture with responses tanicrobial infection and narmarticles thatpartially recapitulate the
in vivo situation In all these studiesa direct measurement of barrier integrity at the Alith the
standard EVOsystemwas not possible due to the lack afh apical electrolyteTo enable the
measurementapical compartments of cultures were temporasiyomergdwith medium and left
to stabili for 10 minutes.

Figurel-7 Example®f lungon-a-chip devicegrom the literature ofepithelialcells culturel at the
ALl A device with an operaccess chamber for aALI monoculture of bronchial
epithelial cell§39] (a). The ALI recapitulates tha vivosituationand is requiredor
the differentiation of PBEC# device with a channel for thair flow [41] replicating
the alveoli b).

1.3.3 Chemical stimulation

In order to minimize the cost otesting new drugsthe throughput of anydevice should be
maximigd.One way to improve the drug $ting throughput of a device is by increasing the number
of different concentrations of thedrug to be tested at the same timén parallel Different
engineering approachesapable of testing several drug concentrations at dmaee beerproposed
and 3 exanples are discussed below and are showRigurel-8.

Xuet al, [42] developed a system that can test in parallel a discrete number of concentrati@ns
chemical. Each concentration to be tested has a separnalbensrged culture chamber. Athe
chambers have common inlets for the target chemical and for the eluent. Thieredit
concentrations are generated gifferent channels running from the chemical inlet to the culture
chambers. The number dfifferent concentrations that can be tested in one run depends on the
design of the device (12 in the device reported irs#tudy). In this studya human norsmallcell
lung cancer cell line (SPTAwas usedKim et al, [43] developed a system that creates a
continuous gradient of a chemical across d cglture. This device relies orffdision to create the
gradient. It is formed from two channelsijth differentinlets and outlets but common middle tract.
Once steady state is relaed, thechemical has a constanbncentrationprofile across the channel
section that ranges from zero to the inlebncentration. This device was used to study induced
epithelial to mesenchymal transition &b49 human lung alveolar epithel@lls. Ina similar study,
Sipet al.,, [44] developed a platfornior the application of a continuous gradient to cell cultured on
the bottom of a multiwell plate. This system used commercial supportsdaPDMS inserts to
produce a diffision based gradienbn submerged cultures. This system was used to study the
induced migration of a neutrophdell line (HL60). A common advantage shared by the last two
devices is thdlexibility in timingand orientation of the gradient, because botf them are
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untethered from the substrateAll these systems provide valuable approaches for-tigbughput
studies of concentratiomlependent effects.

a) b) Buffa  TGFgI-  Vacuum c) — ,_Traﬂ§yell support
Drug input /
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Figurel-8 Examples from the literature of highroughput devices for drug testing. (a) A device
with separate chambers to generate a discrete number of concentr@di@h (b,c) Two
devices to generate continuous gradients on cells cultured on the bottom of a culture
well [43, 44]

1.34 3D environments

Cells are greatly fluenced by their surrounding environmemit. physiological conditionghey are
surrounded by the extracellular matr{ECM) which is a mixture of macromolecules and proteins
(of which collagen | is the most abundd#b]) which has structural and regulatory effects on the
cell. The recapitulation othis physiologicaknvironment is an aspect wiids often pursued in
tissue engineering. Three dimensioifaD) structures are usually adopted in cell culturesrieo

to maximize the degree ofdelity ofthe model.A 3D culture can be achieveddugh the use of
3D featuresthrough culture of mulile celltypes or through 3D differentiation (e.g>BEC ALI
cultures)

Zhanget al,, developed a devicr the culture of cells in different types of 3D scédis[46]. Among
other findings, the culture of osteocytes @olystyrene (PS) microbeads and the cultaf@rimary
murine intestine epithelial cells on an electrospun nfilbmus mesh were successfulighieved,
highlighting the high adaptability of the platforrn another studyWu et al,, reported different
morphologies folPBECgrown indifferent environmentg47]: cells cultured on ¢in layer oftype
IV collagercoated membranes showed @bblestone appearance whereas cells culturedaon
thicker layer ofgrowth factorreduced Matigel (a commercidy availablemixture of ECM proteins
secreted by mouse sarcoma cebssumed a 3Bpheroid cofiguration. Oseiet al., performed a
3D ceculture on commercial supportf48]. Human bronchial epitheliatells (16HBE40-) and
humanfibroblast (MR&&) were cultured in ififerent compartments of theystem. Tie interaction
between the two types of cells led to increased levels of producednffammatory cytokines (iL
8). Examples of 3D cultures from the literaguare reported irFigurel-9.
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Figure1-9 Examplesof 3D culturesfrom the literature. @) A systemfor the culture on PS
microbeads or on electrospun polym@6]. (b) Differences between cobblestone and
globular appearances of HBEcultured on different substrategl7].

135 Membrane permeation

A lkey aspect of the féectiveness of a drug is its ability to reach the systemic circulation. In trder
do so, drugs need to have high permeability through the epithelium and to be substantially
absorbed49]. Drugs can babsorbed either by passivefilisive or active transport by membrane
proteins.Bothepithelialcell lines and primary cells have been used to perfiorritro permeation
studies on theculture [50].

Forbeset al, [51] performed permeation studies on the human bronchial epithelial immstal
cell line (16HB& which were polarised by growingn commercial supportsThey reported a
decrease in the permeabilityf the cultureto mannitolas the T9were established over timeas
shown inFigurel-10. Moreover, they studied the relatiorbetween membrane permeability and
hydrophobicity using drugs withftierent partition coefficientdi.e. the equilibrium solubility in the
cells), namely:mannitol, sotalol, salbutamol atenolol, metoprolol, timolol, betaxololand
propranolol. Janget al., reported the development of a micrafldic tubuleon-a-chip as arin vitro
model to study drug permeation through a culture of primary human kidpegximal tubular
epithelial cells [52]. The study highlighted thémportance that the continuous dlv has in
maintaining thephysiological properties ofhe culture such as cell polaaison, primary cilia
formation, albumintransport, glucose reabsorption, and recovery from a cytotoxic compound
(Cisplatin).
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Figurel-10 Correlation betweenTERand mannitol permeabilityAsT$ are established over time,
the electricalresistance of the culture increases whereas the permeability desa®
[51].

1.3.6 Mechanical stresses

Mechanical stresses are known to play an important role in cellular physif88gyCells all over
the body are Hected byshear stresses caused by bloamifl In the lungs, alveoli naturally undergo
cyclical mechanicalretchassociated with breathingrhile in chronic respiratory disease the airway
bronchial epithelium undergoes compression as a result of bronchoconstriction

The s$retchingassociated with breathing in the alveoli compartmevds recreated in a PDMS chip
by Huhet al, [40]. Human alveolar epithelial celid human pulmonary microvascular endothelial
cells were cultured on the fierent sides of @orous membrane sandwiched between two layers
of PDMS. In addition to the channels for thquid phase and fothe gaseous phase, there were
two ancillary channels located either sidéhe cyclical application of vacuum in the side channels
caused a deformation of the thin PDM&lIs and the subsequent stretching and relaxation of the
culture.Another study by tle same authof41] reported the development of a device to investigate
the noxious dfects that the formation and implosion of air plugs might have on the culflinés
condition is observed in several pulmonary diseases, including chronic obstructive pulmonary
disease and asthmahisdevice has the capability to ate small plugs of liquid in afl of air and

to push them alondhe culture. As the liquid plugs adnce in the channel they lose liquid on the
wall: this willcause consumption of the plugs which will eventually implode enforcing mechanical
stresses tdhe cells.Schematics of the devices used in the 2 studies are reportegyurel-11.

Compression associated with bronchoconstriction in the bronchial compartment was recreated by
Chuet al, [54] and by Ressler et 4b65], who used the samenodel to apply compression stress on

a culture of normaPBE€and to a culture of rat tracheal epithelial (RTE) cells, respectifely
obtain the transcellular compressiotthey injected a stream of eopressed air in the apical
compartment of a standard Tranw@kystem sealed with a silicon plug. Using immunofluorescence
and total RNA analysis, thebserved thatunder compression conditiorepidermal growth factor
receptor (EGFR3hows an autocrine digation processin PBEC$§54] and that RTE upregulate
expression of MRNAs for EGrET1, and TG#I1 in a magnitudeand timedependent mannef47].

In these studiesmechanical stresses were found to have great effects on the culture, having a
direct impact on cellular viability and on transport properties.
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Figure1-11 Examples from the literature of devices whidcreates phgiological mechanical
stresses. d) A cyclical stretching of the membrane equivalent to the one caused by
breathing is achieved by applying cycliGauum in the side channgi0]. (b) A device
to generate air plgs and implode them on the cultufédl]. (c) A system to apply
compression stress on a static culture of epithelial cells on TrarB@&]l

1.3.7 Body-on-a-chip

The human body is a complex network of interacting organs: biologfiadies that focus only on
one tissue can miss important effects stemming from raoigans interaction. For example, in the
human body the plasma concentration of a drug over time is controlled by its ADME proé&&ises
Tissles deriving from different organs are required to recapitulate these effiectdtro. A micre
engineering approach to overcome this issue is the bamaha-chip, where different tissues are
culture in separate chambers and are exposed to the same medinnthis way, synergic
interactions can be analys¢i5].

Liet al, [6] developed an integrated discrete multiple organ cell culturéi@L) system, where
cells derivedfrom 6 different tissues (noral human primary hepatocytes (liver, metabolism),
kidney proximal tubule cells (kidney, excretion), small airway epithelial cells (lung), aortic
endothelial cells (heart), aortic endothelial astrocytes (brain) and -WMI(kuman breast
adenocarcinoma cells)ave cultured in segregated wells with an overlying common layer of culture
medium. This system was used to compare the toxicity of ancamiter drug (tamoxifen) toward
each cell type, and found that, based on the concentration needed to cause 99% dunpiiral,
MCF7s were the most affected by the drug and the hepatocytes were the least affected. In another
study, Sunget al,, [57] developed a micro cell culture analagdCA) where cells derivédm the

liver, the marrow ad colon cancer were cultured in three separate chambers connected by the
medium flow. Flow residence times for each chamber and for an external reservoir (which
mimicked the holeup of the remaining part of the body) were designed to resemble physiological
conditions.This system was able to reproduce the physiological metabolism of aicamtier drug
(Tegafu®) aprodrug of 5fluorouracil), as opposed to cells cultured in standard systeimanother
study, Imuraet al., [58] designed a PDMS microsystem that integrated intestinal cells on a porous
support, liver cells on beads and cancer cells on glass connected by the mediumdigro
candidate (epirubicin) was introduced in the apical compartment of the intestinal celtsder to

have an effect on the cancer culture it needed to be absorbed by the intestinal cells and be
metabolised by the liver cells. The results obtained with this system were comparable with the pre
existing clinical ones demonstrating dapability b obtainin vitro physiological response to drugs
Schematics of the 3 systems are showFRigurel-12. While these bodyn-a-chip systems are still

far from recapitulating then vivocomplexity of the human body, they can be used in conjunction
with mathematical pharmacokinetic models to obtain predictions of drug effectiveness and toxicity
during the preclinical development stage that are more rdéahan current model$59].
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Figure1l-12 Schematics of bodgn-a-chip systems. (a) Static wells exposed to the same static
medium (6 cell typedp]. (b) Microfluidic system with cells cultured on glass surface
(3 cell types)57]. (c) Microfluidic system with cells cultured on porous support, beads
or glass surface (3 cell typdSg].

1.3.8 Electricd characterisationof barrier properties

The TER of an epithelial cell layer is a variable that yields information on the statusTd,tbe
the tightnessof the barrier and orcellular viability The monitoring of this value is extremely useful
to asses effects of positive or negative stimuli, andmy studiegproposeddifferent systemdor

its measurementSchematics of 4 systems from the literature used to measetkilar electrical
properties are shown ifigurel-13.

Hedigeret al., [60, 61]proposed two studies aimed towards the development diaice produced

in aclean roomenvironmentwith integraed electrodes for the measurement of TER. In these
studies they producedand tested both platinum and Ag/AgCl electrod@se integration of the
polymeric porous support into the systewas reported ashe critical step in the manufacturing
process: teensure the absencef the glue on the culture surface during assembly a custom gluing
procedure was develope@hese systescould detect an increase in the measured regismafter

the submerged culture of MadiDarby canie kidney (MDCKjells(Figurel-13a). In another study,
Booth et al,, [62] developed a PDMS microfluidic device with integrated Ag/AgCI electrodes to
monitor the development of the blood brain barrigFigure 1-13b). The sysm used the
commercial EVOM2 epithelial valhmmeter to perform a TER measurement every 12 hours, and
compareal the electrical properties of endothelial cells menoltures and cecultures of endothelial
cells and astrocyteS.hemicrofluidic blood brain arrier (tBBB)showed significantlyrigher TEER
levels than in static models, with a comparativehyort time to steady state TEERmpared to
dynamicin vitro blood brain barrier (DABBB).The same system was used to assess the time
required for the cultue to recoverfrom stimulation with Histamine.

Odijket al.,, [63] performed a study on the modelling and measurement AR i agut-on-a- chip
(Figurel-13d). They used standardg/AgCkhopstickelectrodesto measure electrical properties

of human intestinal epithelial Cae® BBEcells on parallel cultures of standard and microfluidic
systemslin the studythey observed that the confined environment of the microfluidic channel and
small tissue imperfections can greatly affect measured TEER yatagsg that a 1% hole in the
cell coverage can induce a 90% drop in TEERryet al, [64] reported the development of a
microfluidic device with integrated gold electrodes for the fgaints measurement of TEER
(Figurel1-13e). Using this system, they were able to follow the differentiation of human primary
small airway epithelial cells at ALI culture conditions and human intestinal epithelial cells under
submerson. They were also able to monitor the disruption of gell junctions after exposure to

a chelating agent (EGTAp this study, the culture was temporarily submerged before the
measurement of the barrier electrical propertiddaozet al., [65] reported a microfluididheart
on-a-chip for integrated measurements of electrical activity, barrier function and conformational
changeqFigurel-13f). This device featured Pt/Rilack electrodes for TEER and mietectrodes
array (MEA). The MEA was used mwonitor the spontaneous beating frequencyf @n
endotheliali®d myocardium.
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Figurel-13 Systems for the measurement of cellular electrical properties from the literataye. (
Glass system for the measurement of treepsthelial resistance of cell cultured in
static condition with Ag/AgCl electrodg’0]. (b) PDMS system for the measurement
of transendothelial resistance of cell cultured under constant perfusion with Ag/AgCl
electrodes [62]. () PCB based system for the measurement of teithelial
resistance of cell cultured in static condition with Cu/Au electrd8é$ (d) Gut-on-a-
chip system for the measurement of tragpithelial resistance of cell cultured under
constant perfusion with external Ag/AgClI electrodé3]. (e) Microfluidic system for
the four-points impedance measurement of epithe[@4]. (f) Hearton-a-chip with
integrated TEER and MEA electrodes for epithelial electrical measurement and
spontaneous beating frequency analyfs].

All the systems for barrier characterisation described so udaed electrodes placed in the two
different compartments of the epithelial culture. Therefore, none of those systems can be used to
perform realtime barrier measurements of ALI cultures, because they all required the apical
electrodes to be submerge&unet al, [66] reported the development of a P&msed device for

the measurement of theslectrical properties of epithelial cells cultured on a commercial culture
support (Figure 1-13c). The system usedoplanar gold electrodescoated with a conductive
polypyrrolepolystyrene sulfonate (PFRSSjo improve electrode performancesn contrast with
standard measurements, in this system both electrodes were placed on the basolateral side of the
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culture.Measurement®f the barrier electrical properties after the stimulation with two chemicals
known to have differeneffects on the baier was successfullieported and demonstrated that
barrier properties of epithelial cells could be continuously monitored in-tiea. Currently,full
integration of electrodes within organ chip microfluidigiture devices remains challenging and the
location, dimensions and geometry of the electrodes is-nptimized[64].

1.4 State of the art limitations

Organson-chip are a new class of devices which improve the standard system by integrating a wide
range of physiologicallyelevant features, such as electrical, chemical, environmental and
mechanical stimuli. An ideal device featuring all these aspects is currently out of technological reach
due to manufacturing and operation complexities. Instead, platforms upgraded with few
applicationspecific features are within reach and have the potential to improve the system
reliability and to improve our basic understanding of complex biological systems.

Currently, there are no systems able to perform the electrical-tiea monitaring of epithelia
cultured at the ALI. Existingorgan-OKA L] g AU K St SOGNRRS&a 2y 020K
a measurement directly at the ALI and require a momentary submersion of the culture to perform
the measurement, thus achieving poor teoral resolution. The only existing system having both
electrodes on the same side of the culture provides a poor representation of thedphysiology

and lacks the sensitivity necessary to measure ALI cultureszdver, nost systems reported in

the literature adopt manufacturing technologies not suitable for mass manufacturing, thus having
poor scalability.

In summarythere is the need to create a bettan vitro platform for epithelialcell culture yielding
hightthroughput and reliable informationn epithelial barrier propertiesSuch device could reduce

the attrition rate at the clinical stage of drugs development and greatly reduce the costs associated
with it.

1.5  Aim of the project

The aim of this projecsito develop amicrofluidicdevice forthe culture andelectricalanalysis of
barrier properties ofpithelialcells The device provides physiologically relevamepresentation
of the cellularenvironmentand is capable toustain the growthof an epithelial cell culture under
constant perfision for the time requiredor the establishment of @hysicalepithelial barrier.It
enables celtultureand electrical monitoringinder submerged or ALI conditions, aisccapable to
detect fine variationsof epithelial barrier properties The device isutomated and capableot
perform reaktime (minutesscale) and longerm (weeksscale) measurementslt is poduced
adoptingscalablenanufacturing technologigsnaking it apt tanassmanufacturingMoreover, the
device icompact andsuitable toparallelization to inazasethe system throughput.
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Chapter2: ¢ KS2 BB EDOK A LJ

Organson-chip are a subset ohe labon-a-chip class, which refers tdevicesthat canperform a
wide range of tasks, with the common feature of bemimiaturised(mm size) and fabricated using
standard semiconductor technologies. This technolbgyg found applications irmany fields,
especially in life sciencedhe dsign of such devicednvolves several branches of physics,
combinird (1 KS & @&diDysdigsBblogy, Chemistryof life sciences witlthe adryy” S & a ¢
(Mechanics, Electrics, Electronics) of the semiconductor industiieis. chapter provides a
theoretical background of fluid dynamics aoflelectrical measurement iniological systems.

2.1  Fluid dynamicsn microsystems

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

2.1.1 Navier-Stokes equation

The equatiorthat governs the behaviounf an incompressible Newtonian flu{de. a fluid where
the viscous stress are proportionally to the local strain rate, such as watempwn as thédavier
Stokesequation[67]:

" 46 Ml N (2.1)

Here 6 @& is the velocity field which depends on the spatial coordinates afuftx and on the
time 6,1 @D is the pressure field, is the density and is thedynamicviscosityof the fluid. The
system of equatios must be coupled withthe mass conservatiogonstraint If the density is
constant (i.e. negligible thermal expansion andompressibldluid) the mass conservation can be
expressed as:

nd ™ (2.2)

2.1.2 Dimensionless NavieBtokes equation

The NaviefStokes equations can be made dimensionlessrdarranging theconstant terms.
Dimensionless equations are useful because they are indeperdéhé scaleof the systemand
allow for qualitative comparisonsTo obtaina dimensionless equatigrcharacteristicquantities
specific to the systerare introdu@d:

1 0 isacharacteristic length scale.ift usuallyeither the biggest spatial dimension (length of
the device) or the dimension of a small part in the system (valve seat, restriction in a
channel).

1 7Y isacharacteristic velocityn the system

1 “Yisacharacteristic timescaléf the system is subjetd an external periodic perturbation
with frequency'Q itis Y  pX'Q If the steady statés considered, it iSY © Hb.

1 PRis a characteristic pressure in the system.

Using the following normasations:
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6" —ng —ny —nnoon (2.3)

the NavierStokes equatiogin dimensionless form beconjé8]:

z z

" — —06° 0’ -yt —"n o (24)

z

Rearranging the constant ternggves

z z

— 6 D6 — e (2.5)

Which can be expressed as:
YQ Y6~ 0 Q0o —n'np® o6 (26)

Where Re, St and Ru are three dimensionless numbers:

T YQ is the Reynolds numbett represents the ratio beteeninertial and viscous
forces and will be analysed in more detail in the next section.

1 "YO — is the Strouhal number. It presents the ratio between the advection time and
the timescale of an external force applied to the systdimo externalforce is present,
then”Y — and"Yo p. If the system is in a steady state, thet¥ © b and"Y0 T,

which makes velocities independenttome.

1 Y6 ——is the Ruark numbeit represents the ratio between advectiqtransport by
bulk motian) forces and a characteristic pressure.

2.1.3 Reynolds number

The Reynolds numbés a dimensionless quantity that charactesthe degree of turbulence of a
flow. In the original experiment dReynoldg[69], there weretwo pipesthat ended in a single
transparent pipe generating a coaxial flow. Water anttacer dye were pumped through the
system At low flow rates the trace of the dye was stable along the pipe, whereas afldwghates
the water formedvortices resulting in a unstabletrace andquick mixingas shown ifrigure2-1.
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Figure2-1 Different flow regimes highlighted by Reyds(adapted from[69]). A coloured tracer
(black) is flown coaxially with a flow of water. (A) Laminar flow: if the flow rate is low
the tracer is stable across the pipe. (B) Turbulent flow: if the flow is increased the tracer
flow breaks at a certain distance from the inlet causing the water to colour down. If
this flow is observed with a reduced shutter time (C) it is possible to observe ripples of
the tracer flow.

From these observations it wasncluded that there are two possible types of flow for a fluid:
1 A laminar regime where the fluid flows in an ordered manner with each particle following
a parallel trajectonor streamline
1 A turbulent regime where the fluid flows in a chaotic mannenfimg vortexes.

For a horizontal pipe in laminar regime the vertical components of the velocities are always zero,
whereas in turbulent regimé¢he instantaneous local velocities ghit be different from zero but
with a zero mean.

It is possible to prediawhich kind of flowoccusin a system by analysing the Reynolds number:
T ForYQ p mtm tha flow will be turbulent.
1 ForYQ p tthe flow will be laminar.
T Forpmm 'YQ p 1t nhere will be a mixed flow with transition from one behaviour to
the other.

In microfluidicsystems the typical dimension is in the order of @D pumandthe typical velocity
isin the order ofLl mm/s which for watefbased systems yields:

YQ — X T (2.7)

which is wellwithin the laminar flow regime.

214 Stokes equation

If no externatime-dependent perturbationis appliedthen”™y — and™YO0 p:in amicrofluidic

systemavhereY (L p, then — p to apply the mass conservation constriaihe NavieStokes
equationthen simplifiesnto the Stokes equatiofvO]:

Moo (28)

n®» ™ (2.9)
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2.15 Boundary conditions

Boundary conditionéBCare requiredo solve the differential Stokes equation. Here are presented
some of the most commonly used BC for different boundaries:

1 No-Slip: for a flow along amoothwall it is assumed th&tuid particles do not move with
respect to the walllf the wall is still, then fluid particles will be still. If the wall is moving,
fluid particles will move with the same velocity of the wall.

o m (2.10)

o o (2.11)

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

— T (2.12)

1 SlipLength for a flow alon@ rough walthe contactwill be formed by regions of liquid/wall
and region®f liquid/trapped air, therefore the result will be a mixture of the previous BC.
An empirical parameter called slip lengilwhich represents the amount of slip can be
defined.

o o— (2.13)

1 Impermeability:no flowinto the wall is allowed

0 T (2.14)

2.1.6 Poisaiille flow profile

Consider the system iRigure2-2, whichshowswater flowing in a microchannel of heighh. The
walls are still, impermeable and infinijealong the zaxs. The flow is driven by the pressure
difference P1P2.

Figure2-2 Schematic for the essuredriven flow between two still platesThe origin of the-axis
is in the centre of the channel. The channel height is 2h. Pressure P1 is abjoliex
end and pressure P2 is applied on the other.
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