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Organs-on-chip are a new class of in vitro devices aimed at improving the predictivity of preclinical
drug testing models by integrating physiologically relevant features in cell culture devices using
microfabrication techniques. In human bodies, epithelial tissues are the first line of defence against
the external environment and act as barriers by expressing inter-cellular protein complexes called
tight junctions (TJ). The epithelial physical barrier has selective permeability properties which can
experimentally be measured by electrical means. In this thesis, the design, simulation, modelling,
optimisation, fabrication and experimental characterisation of a novel organ-on-chip device for
epithelial cell culture and epithelial barrier monitoring are described. In the device, cells are
cultured on top of a nanoporous support, fed by constant perfusion of growth medium and barrier
properties are monitored in real-time with integrated coplanar Pt/Pt-black electrodes. Finite
element method (FEM) simulations were used to develop a new coplanar electrode design which
achieved greater sensitivity (45-fold) compared to the other coplanar designs presented in the
literature. This design was formed by 2 circular segments electrodes divided by a polymeric septum.
The high sensitivity of the novel electrode design enabled the measurement of epithelial electrical
properties directly at the air-liquid interface (ALI) and was used to monitor disruptions in the barrier
properties of primary bronchial epithelial cells (PBECs) cultured on commercial supports
(Transwell®) induced by a calcium chelator (EGTA). The measured barrier disruption was
comparable to those measured by standard systems without requiring a submerged culture. The
microfluidic device was used to monitor the establishment of the physical barrier under submerged
conditions for 6 days of the human bronchial epithelial cell line (16HBE140-) and disruption of the
physical barrier induced by stimulation with a viral mimic (poly(l:C)). All results were comparable to
the ones measured by standard systems. This platform is an easy-to-manufacture alternative to
available systems with the unique potential to enable the real-time epithelial barrier monitoring

under submerged or ALl conditions.






Table of Contents

LiSt Of FIBUIES ..cuuuiiiiieeiiiiiiiiiciiitiecictteeissseeaseessenesessennssssssssnsssssssnssssssennsssssssnnssssssnnnes iv
[T oY 1 o1 L= T vii
Declaration of QUthOrShIP ....c.eieeiiiiiiiiiiiitieere e reeeeteeereneeeeeaserenssesenseesensessensesens viii
AcknNoWIedgemENtS ......ccvuiiiiiiiiiiiinc e rea s s s s e a s s s e e e nesesaneasannns ix
List Of ADBreviations.......cceeiiiiiiiiiiiiiiiiirr et eess e s renes e s sennsssssssnnssessssnnnes X
Chapter 1: Organ-on-a-chip for drug development........cccccceirrrvniiiiiieniciiiennccnnnen. 1
1.1 The epithelial DArrier ... e saee e 2
1.1.1 TNt JUNCHIONS e e e e e enees 3

1.1.2 Examples of epithelia......coviiiiiiiiiii e 4

1.2 Commercial systems for investigating epithelial barrier function .........cccccevuneee.. 6
1.2.1 The TransWell SYSTEM .....ciiiiiiii e 6

1.2.2 The Epithelial Voltohmmeter (EVOM) SYStem ........ccceceeevvevenienennenne. 7

1.2.3 The CellZSCOPE SYSTEM ....cii it e s 8

1.24 The Electric Cell-substrate Impedance Sensing (ECIS) system .................. 8

1.3 Organ-on-a-chip devices for monitoring the epithelial barrier..........ccccooeeeennee. 9
13.1 CoNStant PErfUSION ....uiiiieiiiee e e e e e e 9

1.3.2 Air-liquid interface SYStEMS ....ccoviiei e 9

133 Chemical stimulation ........c..ceiiiiiiiiiiie e 10

134 R 1D =T o1V o1 o] o a1=] oL £ SPPN 11

1.3.5 Membrane PermMeEation ........ccceeeccieeee it e 12

1.3.6 MeEChaniCal STrESSES......uviieieiiiiee et 13

1.3.7 BOdY-0N-3-ChiP..ceeiiiii i 14

1.3.8 Electrical characterisation of barrier properties .....cccccceeeevvvieeeeeeeeeecnns 15

1.4 State of the art limitatioNs......coocuiiii i 17
1.5 AIM Of the ProJECt e e s e e e 17
Chapter 2: Theory of Lab-0n-a-chip.....ccccoiieiiiiiiiiiciicrrrcrrccre e 19
2.1 Fluid dynamics in MICrOSYSTEMS ......uuieiieiiiieiciiiiiee e e e eeeectrrr e e e e e e e e erreeee e e e e e e e ennnes 19
2.1.1 Navier-Stokes eqUAtioN .........ccceei et 19

2.1.2 Dimensionless Navier-Stokes equation ..........cccccvveeeeeeeieicciinneeeee e 19

2.1.3 REYNOIAS NUMDBE .....cci it e e e 20

2.1.4 STOKES EQUATION ...t e e 21

2.1.5 Boundary CONAitioNS.......cccuvvieeieeiieicireeeeee e e eeeerrreee e e e e e e eaans 22

2.1.6 Poiseuille floW Profile .....cccveeeeieeiieicireeeee e 22

2.1.7 1 {1 T Lo o PSR 25

2.1.8 ool =T U 0] o 1= SRR 26

2.1.9 TOtal diSPEISION eoeeeeei e e e e e e e e e eeanes 26

2.2 Electrical measurement of biological systems.........ccooveciiiiiieeiii e, 27
2.2.1 Geometric cell coNStaNt ... 27

2.2.2 Thermal effects ... 28

2.2.3 Electrode polarisation.......ccccveeveeciiie e 28

2.2.4 N aTeT oToT g o T8 [ UT o] o Lo o U 34

2.2.5 Cell |aYer SEIUCTUNE....uvveieeiee ettt e e e e e e e e enrreneees 35



2.2.6 Epithelial cell culture SPeCtrUM .....cccuvvveeeiiiiiiiireeee e 36
2.3 Chapter SUMMAIY ..oiiiiiieee ittt ettt e st e e s s e e e s s bte e e s ssabaeeesssbaeeessssaneessnnns 36
Chapter 3: [0 TV Lot D LT 1 o 39
700 A o (T T I Tol B T=T] 1= o PR PRSPPIt 40
3.1.1 Microchannel dimensioNns ........oooeciiiiieei e 40
3.1.2 FIOW PrOfil@ et e 41
3.13 TV T oo [0 T PERRR 42
314 PressuUre analysis .uuuiii e e e et e e e e e e e e e e e e e e e e e nanees 43
3.1.5 OXYEEN CONSUMPTION....eiiiiiiiiiiiiiiiiiiiiiitieeeeereeeeeeeeeeeeeeeeeeeeeeereeeeeeeeeeererereae 44
3.2 ElECtrOdes DESISN ..cviiiiiiieeiiiiiiee ettt ettt e e st e e s e ae e e e st e e e s eaaaeeeean 46
3.21 Trans-Epithelium and Cis-Epithelium impedance measurement ........... 46
3.2.2 Equivalent Electrical CirCUit......ooccvveeiiriiiieeeieee e 47
3.23 Impedance spectra of a growing culture of epithelial cells .................... 52
3.24 Electrode Optimisation ......cccevivciieeiiciiiee e 54
3.25 Design 5: Insulating SEPtUM ....coviiei i 58
3.3 Chapter SUMMAIY ...ueeiiiieee et e et e e e e e e e e e e e e e e e e s sanntreeeeeeeesennnenennes 60
Chapter 4: (1Y 114 T To £SO PPN 63
4.1 Organ-on-chip fabrication ... 63
41.1 ClEaN-TOOM PrOCESSES ...uuvvieeeriireeeiriireeeesireeeessaeeeeessreeeeesssseeeesssareeessnnes 63
4.1.2 LabOratory PrOCESSES ....eiiiiiiieeeeiieeeeeteee e estiee e e e e e e e s sare e e e e saaeae s 65
4.1.3 ) - L [ol ol [y o] 4 I AS] =] ¢ PP PPPPPPRS 76
4.2 EXPerimental SETUP ..oiiiiiiie e e aee e 78
4.2.1 Fluidic COMPONENTS......eueiiiiieiee ettt e e e re e e e e e e e eanees 79
4.2.2 Electronic COMPONENTS ...uvvieeiieeieieiieeeeee et e e e e eeerrre e e e e e e e e sennnns 81
4.3 TiSSUE CeIl CUIUIE ..eeeeeeeiiee ettt et s e e e s e e e st e e e e e ennneae s 84
43.1 TS 1Y/ o o 1] SR 84
43.2 Cell CURUIE . e e e e e e e e e e e e 84
433 Barrier Disruption.......cccciii 85
434 MICrOSCOPIC ANAIYSIS...ueirrrrieieeeeeicciitreeee e e et e e e e e s estrrrreeeeeeeeseanens 86
4.4 Chapler SUMIMAIY c.ooooccciieeeeeeeeeecccrreee e e e e e eesetbrreeeeeeeeeeesassrereeeeeeeessssssaeseeeeeesnnnnes 90
Chapter 5: RESULTS - Electrical characterisation of epithelia.......ccccccciereancnnannes 93
5.1 Baseline measurements without cells..........ccovviiiiiiiiiie e, 93
5.1.1 ConductiVity MEASUIEMENT .....vveeeeeieiieiiiireeeeee e e e eeerrrreeeeee e 93
5.1.2 TemMPErature EffECtS.....ovvviei i e 94
5.1.3 Platinum black deposition .........coociiiiieeeic e 96
5.2 Submerged epithelia ... 97
521 Tissue growth on custom SUPPOILS ...cceeeeeeiciiiiieieee e 97
5.2.2 Support pore density effects on tissue morphology........ccccccevevecvieennnns 98
5.2.3 Barrier disruption induced by electric fields .........ccccceevviieeeeeiiieeece, 100
5.2.4 Comparison between Trans-Impedance and Cis-Impedance
MEASUIEIMENTS . it i 102
5.2.5 Comparison between planar electrodes design .......cccccceeeeeicviiieeeeeennn. 105



5.3 Air-Liquid Interface epithelia ......cccueeeeiiiiieiiiiiieii e 108

5.3.1 Effects of the apical medium volume on the measurement sensitivity 108

5.3.2 Effects of the apical medium volume on 16HBE cells barrier
Lo 13 =Tt o] o SR 110
5.33 Measurements at the air-liquid interface .........ccccoecvveeeecciiee e 112
5.4 Electrical characterisation of epithelia cultured in fluidic conditions ................. 118
5.4.1 Electrodes fOUlING ....cceeeeieee e e 118
5.4.2 Continuous monitoring of 16HBE cells.........cceeeecivieeeeiiiieeeeiieee e, 119
5.4.3 Monitoring Poly(l:C)-induced barrier disruption.........ccccccovvveeeeirieeeenns 121
5.5 Discussion and CONCIUSIONS........ccuuviiiiiieiieiciiiieeeee e srrree e e e e e e 126
Chapter 6: Conclusions and future Work ........ccccceiiiieiiiiiieniiiiinennninne, 129
6.1 Contributions to the field of 0rgans-on-chip......ccccoccveeiiriiieiiniiiiee e, 129
6.2 SEtUP IMPIrOVEMENTS....ceiiiiiiiiiiiiiiittitetttteettteteteteeeeareeeeeeaeeeeeeerereeeeeeereeeaererereeesarane 130
6.3  BiologiCal EXPEIIMENTS.....iiiiiiiiee i et e e e saaee e 131
o SV {0 <X e [ 1Yot f o] o - PUPRNE 132
Appendix A Data Fitting ...cccciiiieiiiiiiiiiiiiiiiiteecnrsc e rene e senesesenssssensessnnnes 135
A.1 Weighted Complex Non-linear Least Squares (CNLS).......ccceevuveeeeriieeeeinciineeeenns 135
A2 Minimisation algorithm .......eiii i 135
NG B |V =Y d = I o o ' | SRR 135
Appendix B Finite Elements Simulation ........cccccciiieiiiiiiiiiiiiicncneienencenenenennne 138
B.1  FIUIdiC SIMUIGLIONS .eveeeeieeeeciiiieeee e e e e rrree e e e e e e naaeeeeas 138
B.2  Electric SIMUIAtIONS ..uveeiii e 138
Appendix C Fabrication RECIPES .....cceuuiiiiirnniiiiiiiniiiiinniiiireneisnienssisniesssesssenees 139
O R 1 = T I Vo Yo Yo SRR 139
C.2  Platinum black deposition ........ccccuieiiiiiiiieicreeeee e e 140
Appendix D Statistical analysis ......ccceeiiiiieniiiiiiiniiiii e 141
D.1  Standard deVviation.......cccoeccciiiiiiiee e e e e 141
B I Y - [ 0 To - [ o N =T o) o USPR 141
B0 T ¥ T 1= o Y e ] USRS 141

3= =] =] ol =LY 145



List of Figures

Figure 1-1
Figure 1-2
Figure 1-3

Figure 1-4
Figure 1-5
Figure 1-6
Figure 1-7

Figure 1-8
Figure 1-9
Figure 1-10
Figure 1-11

Figure 1-12
Figure 1-13

Figure 2-1
Figure 2-2
Figure 2-3

Figure 2-4
Figure 2-5
Figure 2-6
Figure 2-7
Figure 2-8
Figure 2-9
Figure 2-10
Figure 2-11
Figure 2-12
Figure 2-13

Figure 3-1
Figure 3-2
Figure 3-3
Figure 3-4
Figure 3-5
Figure 3-6
Figure 3-7
Figure 3-8
Figure 3-9

Figure 3-10
Figure 3-11

Figure 3-12

Schematic representation of an epithelium. .......cccccoooiii e, 3
TS ST UCTUN . s s e s s e e e e e s e e e e e e e e e e e e e e e e e eenns 4
Differences in TJ distribution from patients with the respiratory disease

asthma and a healthy control. ........cceeeiiiii i 6
Commercial Transwell® tissue culture support used for investigating

epithelial barrier formation..........ooccviii e 7
Schematic of the commercial EVOM epithelial Volt-Ohmmeter for the

measurement of epithelium electrical properties.. ......cccceeeeveeeieciieeecciiee e 8
Schematics of commercially available setups for the electrical impedance

[ oJ=To1d e 1 wlo] o) VPPNt 9
Examples of lung-on-a-chip devices from the literature of epithelial cells

CUIUIEd @t The ALL c..eeiieieeeiee ettt e s e e sanee s 10
Examples from the literature of high throughput devices for drug testing. ........... 11
Examples of 3D cultures from the literature. .....ccccoveeevcieiieciee e, 12
Correlation between TER and mannitol permeability........cccccevvciieiinciiiiinciieeee 13
Examples from the literature of devices which recreates physiological

MECHANICAl STFESSES.ceiiiiiiiiiiiiiie ettt s e e s srae e e e sareeeeeas 14
Schematics of body-0Nn-a-Chip SYStEMS. ..ccoccuiiiiiiiiee e 15
Systems for the measurement of cellular electrical properties from

ThE [IEEIAtUIE. i e s e e e s bae e e e eanes 16
Different flow regimes highlighted by Reynolds. ......cccccovvviiiiiiiiniiiiiicieeeeiee, 21
Schematic for the pressure-driven flow between two still plates.........cccccveeenneen. 22
Poiseuille parabolic flow profile for a pressure-driven flow between two

SHill parallel Plates........vee i e 24
B3 VT (o a I o] fo ol =YX SR 25
Schematic diagram of a simple electrolytic cell.........ccooeeriiiiiiiieiiee e, 28
Effects of electrode polarisation........cccccuveeieciiee e 29
Two physical models for the electrical double layer. ........cccccoviieeiiiiicciieeeiee, 31
Electrical models for electrode polarisation........ccccceeeeciiiieeciiiie e, 32
Effects of the current density on the electrode polarisation for Pt electrodes ...... 33
Four electrodes technique for polarisation correction. ........ccccccceeeeciieeecciieeeenneen. 33
Electrical resistance of a small circular pore ........cccoccveieeiee e, 35
Schematic of electrical components of an epithelial cell l[ayer. ......cccccvvveiecieeennnns 36

Typical setup for cell culture and TER measurement and generic spectrum
of the impedance for an epithelial cell culture and relative equivalent

CIFCUIT MOttt s b e sbaeesanee s 36
Schematics Of the deVICE ......oiiiiiiiieee e 39
3D rendered model of the epithelia-on-a-chip. .....ccccccoeeiiiiiiciiieiiee e, 40
Technical drawing of the microchannel ........cccccveiiiiii e, 41
Finite Element Method (FEM) fluidic simulation..........ccccoeeveeiecieeeiecreee e, 42
FEM simulation of the pressure profile along the channel. ..........cccccviiiinnnen. 42
Schematic of the system for pressure analysis........c.cceecvieeeeciieeccciiee e 43
Cell culture chamber oxygen balance.........ccccvee i 45
Trans-Epithelium vs Cis-Epithelium impedance measurement setup...................... 46
Field lines distribution in trans-epithelium and cis-epithelium electrodes

(oo Yo} {7={U] =Y o] o TOR USSR 47
Algorithm for model SeleCtiON..........eei i 48

Five similar electric equivalent circuit (EEC) models that could represent

L 0TI V] =T o o TR SRS 49
Akaike information criterion (AIC) calculated for the five proposed EEC

models on a typical dataset of a confluent cell layer........c.cccoeeeeeiereecnnnnnnn. 50



Figure 3-13
Figure 3-14

Figure 3-15
Figure 3-16
Figure 3-17

Figure 3-18

Figure 3-19
Figure 3-20
Figure 3-21
Figure 3-22
Figure 3-23
Figure 4-1

Figure 4-2

Figure 4-4

Figure 4-5

Figure 4-6

Figure 4-7

Figure 4-8

Figure 4-9

Figure 4-10
Figure 4-11
Figure 4-12
Figure 4-13
Figure 4-14
Figure 4-15
Figure 4-16
Figure 4-17
Figure 4-18
Figure 4-19
Figure 4-20
Figure 4-21
Figure 4-22
Figure 4-23
Figure 4-24
Figure 4-25
Figure 4-26

Figure 5-1
Figure 5-2
Figure 5-3
Figure 5-4

Figure 5-5
Figure 5-6

Figure 5-7

Figure 5-8
Figure 5-9

Comparison between fits performed with a model with 6 parameters,

12 parameters and 5 parameters on an experimental data set...................... 50
Schematic diagram and Equivalent Electrical Circuit (EEC) of the

(o] | oo 0 1) i o U Lot S PSR PSPR 52
Simulated evolution of @ growing CUltUre. ......coovciiieiiciiie e 53
Frequency-dependent simulation for the impedance magnitude ..........cccccee....... 53
Typical experimental electrical impedance spectra of a growing

submerged epithelial cell culture. .....coeviviiiiiii e, 54
Sensitivity analysis Sg, for variation in culture resistance (from 0Q2 to 10002)

AU L KHZ o s et sae e saree s 55
Proposed new electrodes EOMELIIES. ....cccvveiiieciieii i 56
Results of the FEM electric simulation of the electrodes design. .......ccccoecvvevennneen. 57
Finite element simulations for two different electrodes geometries .........cccc........ 57
Effect of the gap between the electrodes for Design 4........ccccccvvevevvcieiiviceee e, 58
Finite element simulations of electrodes geometries with an insulating spacer....59
Clean-room steps of the fabrication process.......ccccocvveiiviiieeiiiciei e, 64
Diagram showing electrode design for a single chip. .....ccccceeivieiiicieecciiec e, 64
Single microfluidic channel unit of the photolithography mask...........ccccccveeenneen. 65
Laboratory steps of the fabrication ProCess ........ccccvvveeeieeeeccciiiiieeeee e 66
Chip after ManUfaCtUriNg. .....coocuiii i 67
3D model of the PMIMA UNIL. ..cccuviiiiiiciieeciee ettt ee s see e sne e 68
Injection Moulding 3D MOEIS. ........uviiieiiiieecee e 69
Metal chimney for the PDMS [id. . .....oooeoiiiiieiee et 70
Glue cytocompatibility TEST.....ciiieceiiee e 71
GlUINE PrOCESS. . itiiee ettt e ettt e ettt e e e et e e e e e bt e e e eebaeeeeebeeeesesteeeeestseeeeseeeeseaseaneeanes 72
ASSEMDIEA EVICE. ..uviiiiiiicieecee et et s e e ste e e rae e sabeeenes 73
Alternative bonding teChNIQUES. .......ooiciiiiiieiie e 75
Custom support for the static culture of epithelia. .....cc.ccoeeevviiieciiiiee, 76
3D model of the Transwell® EIS measuring platform. .........cccccoeeeiiiieiiieeiicieeees 77
Transwell measuring platform with integrated insulating septum. ..........cccceeuee. 77
Schematics of the complete experimental setup. ....coccovevieciiiiicciiice e 78
Picture of the experimental SEtUP. ...ccueeiieciie i 79
Working principle of the custom bubble trap. ......ccccccoviiiiieiiiiiee, 80
Custom MUILIPIEXING PCB......vveiiieiieee ettt ettt e e s e e e s sbeae e s eanes 82
(@oT oY Y=ToruloT o o I F-T-{ =10 s VO SPPPPNt 83
Morphologies of 16HBEL14-0- CellS.......ceiiiiiiiiiiiiiiie et 86
Y T g'e] aTe] foT=d =Y o] il o = ST 87
Example of a culture of 16HBE cells infected by fungi for 4 days.........cccecvveeennneen. 87
Immunofluorescent staining of 16HBE cells cultured on Transwell for 6 days. ...... 88
3D reconstruction of an immunofluorescence stained tissue of 16HBE cells

created by obtaining multiple images at different quotes..........cccccccvveeennneen. 89
Impedance spectra for solution with different concentration of NaCl.................... 93
Measured admittance for solutions with different NaCl concentration. ................ 94
Effects of temperature on the impedance spectrum of a 500 mM

[o] 18 o Y s e} il PSR 95
Effects of temperature on the impedance spectrum of 16HBE cell

EBrOWEN MEdiUM. oo e e e e e e e e 96

Comparison between bright platinum electrodes and platinum black electrodes .97
Comparison between the development of an epithelial barrier of epithelial

cell cultures grown on commercial and static supports over time. ................ 98
Effects of membrane pore density on the tissue structure as observed by

immunofluorescence staining of 16HBE cells.........c.ccoovviveeieiiieeeiicieee e, 99
Effects of an external electric field on the barrier properties of epithelial cells...100
Effects of the applied field intensity on the induced barrier disruption. .............. 101



Figure 5-10

Figure 5-11
Figure 5-12

Figure 5-13
Figure 5-14

Figure 5-15
Figure 5-16
Figure 5-17
Figure 5-18

Figure 5-19

Figure 5-20

Figure 5-21

Figure 5-22

Figure 5-23
Figure 5-24

Figure 5-25
Figure 5-26
Figure 5-27

Figure 5-28
Figure 5-29
Figure 5-30

Schematic of the two measuring setups and respective equivalent

circuits: cis-configuration and trans-configuration..........ccccocccvvieeeeiiiniinnns 102
Comparison between measurement SELUPS. ...cccovecciiiiieeeeee e, 103
Comparison between trans-epithelium and cis-epithelium

eqUIVAlENt PArameEters. ... e e 104
Schematic drawings of the compared electrode design. .........cccvveeeeeievicinnienennn. 105

Comparison between impedance spectra of 16HBE cells cultured for 5
days on static Transwell supports, measured with different

EleCtrodes deSIBN .....uviii i 106
Performance comparison between different electrodes design. ........ccccceeuvvennn. 107
Effects of the apical medium volume on the impedance spectrum..................... 108
Low and high frequency equivalent Circuits. .......c.ccceeevvveiieciiee e 109
Effects of the apical volume on the measurement sensitivity of the

impedance magnitude and in the phase angle. ........cccocooeeeeiieiicciiee e, 110
Comparison between impedance spectra of a growing culture of 16HBE

cells measured with 200 pl or 10 pl of medium in the

apical COMPArtMENT. .ooiiiiiie e 111
Effects of the apical volume on monitoring growth of 16HBE14o0-...................... 112
Impedance spectra of a growing culture of primary bronchial epithelial

CEIIS AL thE ALL eeeeeee e s e 114
Effects of EGTA on differentiated PBECs (Day 21) measured under

submerged or ALl conditions measured before and after

o o TLaToTa o]l =L Gl I NPT 115
Differentiated PBECs barrier disruption with EGTA. ........cccovviieviiiieieciee e, 116
Immunofluorescence staining of PBEC cultured at the ALl on

commercial supports 10 minutes after addition of growth

(0aL=Te [0 g T e Tl G I SRR 118
Assessment of electrodes fouling effects........ccoeeeiecieeiicciee s 119
Continuous monitoring of 16HBE140- growth. ......cccceeeeiiveeiciiee e, 120
Comparison of 16HBE cell growth and polarisation in microfluidic or

static (Transwell) CONAItIONS. ..cccvvviieiieiiiciee e 121
Effects of Poly(l:C) on tissue electrical parameters. ........ccccecvveecreeecieeiieescreeenne. 123
Immunofluorescence staining of 16HBE cells. ........ccccoveiiviiieeeiiiiieeciee e, 124
Effects of poly(I:C) on impedance Spectra.......ccccccveeeieeccieeeciieeccee e 125

Vi



List of tables

Table 1
Table 2
Table 3
Table 4

Typical values of fitted parameters for the circular segment electrodes design......... 51
Parameters of the track-etched SUPPOIt......c.eviiiiiiie i e 70
Device fabrication STEPS ..ecivciiii i 139
Platinum etching Parameters .........cooiciieiiiciiee et erre e e 140

Vii



Declaration of authorship

I, Riccardo Reale declare that this thesis and the work presented in it are my own and has been
generated by me as the result of my own original research.

Microfluidic Airway On-Chip

| confirm that:

1.

7.

This work was done wholly or mainly while in candidature for a research degree at this
University;

Where any part of this thesis has previously been submitted for a degree or any other
qualification at this University or any other institution, this has been clearly stated;

Where | have consulted the published work of others, this is always clearly attributed;
Where | have quoted from the work of others, the source is always given. With the exception
of such quotations, this thesis is entirely my own work;

| have acknowledged all main sources of help;

Where the thesis is based on work done by myself jointly with others, | have made clear
exactly what was done by others and what | have contributed myself;

Parts of this work have been published as:

C. Blume, R. Reale, M. Held, T. M. Millar, J. E. Collins, D. E. Davies, H. Morgan and E. J. Swindle,
“Temporal Monitoring of Differentiated Human Airway Epithelial Cells Using Microfluidics,” PLoS
ONE, vol. 10, no. 10, 2015.

C. Blume, R. Reale, M. Held, M. Loxham, T. M. Millar, J. E. Collins, E. J. Swindle, H. Morgan and
D. E. Davies, “Cellular crosstalk between airway epithelial and endothelial cells regulates barrier
functions during exposure to double-stranded RNA.,” Immunity, Inflammation and Disease, 2017.

R. Reale, C. Blume, D. E. Davies, E. J. Swindle and H. Morgan, “A microfluidic platform for the culture
and analysis of epithelia”, International conference of microfluidics, nanofluidics and lab-on-a-chip,
2016 (oral presentation).

viii



Acknowledgements

First of all, I would like to thank my main supervisor, Prof. Hywel Morgan, for the possibility to
undertake this Ph.D in the Southampton University. His guidance and constant high expectations
kept me motivated during this period. Always fair and direct, he taught me the difference between
a good and a bad work.

Secondly, | would like to thank my second supervisor, Dr. Emily J. Swindle, for the invaluable support
and kindness during this time. Our scientific discussions will hardly be forgotten.

Moreover, | would like to thank Prof. Donna E. Davies for the useful discussions on biological
aspects, and the technicians of the Brooke Lab, Dr. Natalie P. Smithers and Dr. Robert A. Ridley for
their help in establishing primary cell cultures.

In the same way, | would like to thank the various technicians of the Southampton Nanofabrication
centre, Miss. Katie Chamberlain, Mrs. Sarah Helps and Miss. Ying Tran, for the great amount of
help, in particular with platinum deposition.

A special thank goes to Dr. Marie Held and Dr. Cornelia Blume who introduced me to the basics of
experimental work and gave me important insights on how to approach research.

I thank all my lab mates, especially Josip, Roel, Anna, Carlos, Miguel and Catarina, always friendly,
who never spared a laughter in the time of need.

Lastly and most importantly, my thought goes to Marta and to my family who helped me enduring
these times. | know they suffered as much as | did for the distance between us.



List of Abbreviations

ALl Air- Liquid Interface

ADME Adsorption, Distribution, Metabolism and Elimination
APTES 3-Aminopropyltriethoxysilane

DIV-BBB Dynamic in vitro Blood-Brain Barrier

ECIS Electric cell-substrate impedance sensing
ECM Extra-Cellular Matrix

EDTA Ethylenediaminetetraacetic acid

EEC Equivalent Electrical Circuit

EGFR Epidermal Growth Factor Receptor

EGTA Ethylene glycol-bis(f-aminoethyl ether)-N,N,N',N'-tetraacetic acid
EVOM Epithelial Voltohmmeter

FEM Finite Element Method

GPTES 3-Glycidoxypropyltriethoxysilane

JAM-A Junctional Adhesion Molecule-A

UBBB Microfluidic Blood-Brain Barrier

MDCK Madin-Darby Canin Kidney

MEA Microelectrode Array

OSTE Off-stoichiometry thiol-ene

PBEC Primary Bronchial Epithelial Cells

PDMS Polydimethylsiloxane

PET Polyethylene terephthalate

PMMA Polymethyl methacrylate

Poly(l:C) Polyinosinic-polycytidylic acid

PPy/PSS Polypyrrole/poly(styrenesulphonate)
PTFE Polytetrafluoroethylene

SD Standard deviation

SE Standard error

TER (TEER) Trans-epithelial Electrical Resistance

Tg Glass-Transition Temperature

T) Tight Junction

Z20-1 Zonula Occludens-1

16HBE Human Bronchial Epithelial Cell Line (16HBE140-)


https://en.wikipedia.org/wiki/Ethylenediaminetetraacetic_acid

Xi



xii



Chapter 1: Organ-on-a-chip for drug development

In the last 50 years, the R&D cost of developing a new drug has been increasing steadily [1], with
estimated values of 231 million USS in 1987 [2], of 802 million USS in 2000 [3] and 1.8 billion USS
in 2010 [4]. Research and preclinical testing of a new candidate account for approximately a third
of the total cost, while the clinical development accounts for the remaining two thirds [4]. Studies
suggest that the increased cost of the clinical development stage in recent years is related to the
type of drugs that are being developed. For example, drugs aimed at degenerative diseases require
longer trials. At the same time, drugs aimed at obtaining better performances of already-existing
ones, have smaller incremental benefits and require larger samples sizes to achieve statistical
significance [5].

Another reason why the figures for the drug development costs are so high is the fact that for each
successful candidate there are several unsuccessful ones that are accounted for in the total cost i.e.
high rates of attrition. Attrition rates have substantial effects on the total costs especially in the
clinical stage, where the average probability for a new drug candidate to reach the market is =11%
[5]. One of the cause of high attrition rates at the clinical stage is the lack of good models at the
preclinical stage: drugs that passed the preclinical stage are often found ineffective or with harmful
side-effects during clinical trials. A way to reduce the overall process cost is to reduce the number
of failures during the clinical stage by developing more predictive in vitro models during drug
development pre-clinically. In this way the attrition is shifted from the expensive clinical stage to
the faster, high-throughput preclinical stage [4].

Currently, models adopted in the preclinical stage consist of in vivo animal models and simple
in vitro models. In vivo models use animals as complete representations of biological systems. One
advantage of these models is that the effectiveness of drug candidates is regulated by absorption,
distribution, metabolism and elimination (ADME) processes which are also relevant for the human
physiology [6]. At the same time, due to their complexity, these models are not able to provide
detailed information on underlying physiological mechanisms. Their experimentations are usually
low-throughput, expensive, labour-intensive and are often burdened by ethical implications on
animal use [7]. Additionally, it has recently been observed that preclinical findings obtained with
animal models translate poorly to humans due to crucial genetic, molecular, immunologic and
cellular differences [8, 9, 10]. Traditional 2D in vitro models focus on cultures in simple
environments of immortalised cell lines or primary cells which are derived from patients. Their
experimentation is high-throughput, but they fail to recapitulate the overall complexity of the in
vivo physiological conditions (e.g. spatial orientation, cell-cell communication and cell-matrix
interactions) and may lead to inaccurate results [11].

The study of asthma is particularly affected by the lack of appropriate models. Asthma is a medical
condition of the conducting airways which leads to symptoms of coughing, wheezing, chest
tightness and breathlessness. Symptoms can range from mild to severe with large variations among
different patients. Individuals sometimes undergo a temporary significant worsening of the
symptoms called exacerbations that can lead to life-threatening conditions which requires medical
assistance. Only two new treatments targeting new drug pathways have made it into clinical
practice over the past 50 years (anti-IgE, omalizumab, and a bronchodilator targeted at leukotriene
receptors, montelukast)). Many drug candidates that passed the preclinical tests on animal models
failed in the clinic because of safety or efficacy issues. Mice are the most commonly used animal
models for asthma, but have substantial differences in lung structure and genetic background
compared to humans which causes them fail to recapitulate the human disease [12, 13]. Current
human in vitro models should be more predictive, but fail to recapitulate interactions between cells
and their environment normally found in vivo [14].

A new class of devices called organs-on-chip has recently been developed in an attempt to fill the
gap between traditional in vitro and in vivo models. These systems use the latest advancement in
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microfabrication techniques to create complex features in vitro. Spatial, chemical, mechanical and
biological stimuli are designed within these systems to emulate physiological conditions [15]. Cells
cultured in these devices exhibit tissue-level properties that closely resembles the ones found in
vivo. At the same time, these systems, are designed for highly parallelised applications, greatly
increasing experimental throughput [16]. Compared to traditional investigation methodologies,
these devices aim to obtain biological information that are more finely detailed and with higher
throughput than the animal models and more realistic and reliable than the traditional in vitro
studies [17].

1.1 The epithelial barrier

The epithelium is one of the most examined tissues in drug testing studies because it is the first
barrier that the human body has against the external environment and drug candidates that require
absorption through the skin, gastrointestinal (Gl) tract or airways need to be able to pass through
this barrier. These include orally administered drugs in the form of tablets for absorption through
the Gl tract and locally administered drugs e.g. inhaled drugs for absorption through the airway and
drugs in creams and ointments for absorption through the skin. These drug candidates require
absorption through the epithelium in order to reach their target and exert their pharmacological
effect.

Epithelia line every cavity in the human body that interfaces the external (skin, gastrointestinal
tract, airways) and internal (liver, kidney) environment. A schematic diagram of the epithelium is
shown in Figure 1-1 [18]. The epithelial barrier is formed by closely packed cells connected to each
other by intercellular protein complexes. Focal adhesions and hemi-desmosomes are
macromolecular complexes (based on proteins of the integrins family) which fix the position of the
cell by anchoring the actin filaments of the cytoskeleton to the extracellular matrix (ECM).
Desmosomes and adherens junctions are complexes (based on the calcium-dependent cadherin
protein) which form the initial connection between neighbouring cells by connecting the actin
filaments of each cells cytoskeleton [19, 20]. Gap junctions are complexes that allow the exchange
of molecules between adjacent cells, while tight junctions (TJ) regulate the communication
between the inner part of the tissue and the external environment and regulate the permeability
of the epithelial barrier [21].
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Figure 1-1 Schematic representation of an epithelium. Neighbouring epithelial cells contact each
other with TJs, adherens junction, gap junctions and desmosomes, whereas they bind
to the ECM with hemidesmosomes and focal adhesions. Copied from [18].

111 Tight junctions

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

In virtue of the fact that TJs have selective permeability to ions, they have often been studied by
electrical means [25]. This method of characterisation consists of applying an electric potential
difference across the tissue and measuring the resulting current. The electric resistance of the
tissue is the resistance offered to the movement of ions by the TJs and is called the Trans-epithelial
Electrical Resistance (TER or TEER).

With this characterisation it is possible to determine that different epithelia in the body have
different TER depending on the tissue function [21]. For example, epithelia in the intestine which
need to absorb nutrients are quite leaky and have low TER, whereas epithelia from the conducting
airways which are exposed to dust and pathogens and need to act as strong barriers are tighter and
have a higher TER.

On a microscopic level the tightness of a barrier can be related to the structure of its TJs. Tight
epithelial barriers have strong, uninterrupted pericellular distributions of TJs whereas leaky barriers
have redistrbution of the TJs leading to an interrupted, reorganised pericellular distribution [25]. If
TJs are disrupted via redistribution or downregulation in protein expression, the epithelium loses
its selective absorption properties. The disruption of the epithelial barrier is in fact associated with
many diseases including asthma and Crohn’s disease [26].

1.1.2 Examples of epithelia

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

The intestinal epithelium

The main function of the intestine is to absorb nutrients from the food passing through the
gastrointestinal tract. In order to effectively perform this function, the intestinal epithelium has two
key features: (1) it has a cylindrical structure and (2) each epithelial cell has microvilli protruding
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from the apical region of the membrane. The presence of these microvilli is fundamental to increase
the effective surface area of the epithelium that can absorb nutrients.

The airway epithelium

The airway epithelium is a multi-layered cellular structure comprising a number of cell types. It has
the unique feature of being exposed to an air-liquid interface (ALI) formed by tissue on the
basolateral side and air on the apical side. In the gas-exchange region of the airways these include
alveolar epithelial cells which comprise a single layer of epithelial cells in close proximity to a single
layer of endothelial cells comprising blood vessels. In the conducting airways these cells include
basal epithelial cells, ciliated columnar epithelial cells and mucus-producing goblet cells.

In the conducting airways, the main function of the epithelium is to act as a physical barrier against
particulates, dust and noxious gases that can be contained in the environmental air we breathe and
prevents their entrance in the inner part of the airways. These cells have been known for a long
time to achieve this function by means of TJs. Another function of the epithelial barrier is to act
against chemicals that might be inhaled. This chemical barrier is performed by the presence of
antioxidant agents and by the secretion of mucus, which is a viscoelastic gel that contains many
proteins able to prevent dehydration and sequester pathogens. The last function of the epithelial
barrier is to act against pathogens that might be inhaled by regulating the innate and adaptive
immune responses of the body. If the homeostasis is disrupted, the barrier secretes cytokines and
chemokines which are proteins that lead to the recruitment and activation of immune cells and the
removal of the pathogens.

Disruption of TJs leading to alterations in the airway epithelial barrier is associated with many
human respiratory diseases. For example, in asthma differences in the structure of TJs between a
healthy and an asthmatic epithelium are shown in Figure 1-3 [27]. This figure shows the structure
of an epithelial tissue obtained with a bronchial biopsy which allows to obtain information on cell
nuclei and TJs spatial organization. In a healthy epithelium, TJs are well organised. TJs are formed
around the apical side of each cell (pericellular) forming a regular honeycomb network on the XY
plane. On the XZ plane, they are confined in the apical side of the first cell layer. In contrast, the
asthmatic epithelium shows a marked decrease in the number of TJs and they are redistributed.
Moreover, the existing asthmatic TJs are less organised in the XZ plane, thus causing a further
decrease in the barrier properties towards external agents.
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Figure 1-3  Differences in TJ distribution from patients with the respiratory disease asthma and a
healthy control. Image of a healthy epithelium (Left) and an asthmatic epithelium
(Right) obtained from a bronchial biopsy. A top view (XY) and a cross sectional view
(XZ) are shown. The TJ protein ZO-1 is stained using an antibody conjugated to a green
fluorescent dye while nuclei are stained in red. Copied from [27].

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

1.2 Commercial systems for investigating epithelial barrier function

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

1.2.1 The Transwell® system

The standard in vitro system used in biology for studying epithelial barrier function in tissue cultures
are the Transwell® supports by Corning. The structure of a Transwell® consists of a microporous
membrane mounted on the bottom of a polymeric holder. Transwell® membranes are available
with different pore sizes (0.4-8 um), pore densities (10°-10% holes/cm?), thickness (10-50 pm) and
growth area (0.143-44 cm?) [31]. The design of the Transwell® holder allows the culture to be
suspended in a well of a conventional microplate as shown in Figure 1-4. Cells are cultured on top
of the membrane and are exposed to separate basolateral and apical compartments filled with
growth medium. The support has open access to both compartments enabling simple medium



replacement and apical or basolateral challenges. Epithelial cells cultured on this support polarise
and form a physical barrier with expression of tight junctional proteins at their apical surface.
PBEC cultured on Transwell® systems at the ALl in presence of retinoic acid are known to
differentiate and form pseudostratified structures with basal cells supporting ciliated cells and
mucus-producing goblet cells [32, 33].
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Figure 1-4 Commercial Transwell® tissue culture support used for investigating epithelial barrier
formation. Picture of a commercial support [31] and a schematic of cells cultured on a
commercial support. Cells are grown on top of a nanoporous membrane in the apical
compartment and are exposed to two separate compartments (i.e. apical and
basolateral).

1.2.2 The Epithelial Voltohmmeter (EVOM) system

A widely adopted tool for the measurement of the physical barrier of epithelial cells cultured on
porous membrane supports is the EVOM system of epithelial voltohmmeters which contain STX2
‘chopstick' electrodes connected to an EVOM meter, as shown in Figure 1-5. This was the first
instrument designed to perform routine TER in tissue culture research. This is a hand-held system
with two Ag/AgCl electrodes mounted on the tips of two parallel polymeric sticks. To perform the
measurement one stick is placed into the basolateral compartment of the culture, while the other
is placed into the apical compartment. The chopstick electrodes are connected to an epithelial Volt-
Ohmmeter which applies the electric stimulus and measures the response of the system. The
commercial EVOM2 epithelial Volt-Ohmmeter by World Precision Instruments uses a 12.5Hz square
current wave with nominal amplitude +10 pA as stimulus. The main drawback of this system is that
the position of the electrodes relative to the culture affects the current pathway and thus the
reading of the resistance and the accuracy of this system is influenced by the skill of the operator
[34]. Moreover, the intrinsic non-homogeneity of the electric field can cause overestimation of the
cellular resistance [35]. Lastly, this system requires a submerged apical compartment and is
therefore not suitable for continuous measurements at the ALI.
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Figure 1-5 Schematic of the commercial EVOM epithelial Volt-Ohmmeter for the measurement
of epithelium electrical properties. The two ends of the chopstick electrodes STX2 are
submerged in the basolateral and in the apical compartment. The resulting current
flows through the cell layer and probes the epithelium [34].

1.23 The CellZscope® system

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

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

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



Figure 1-6 Schematics of commercially available setups for the electrical impedance spectroscopy.
(a) The cellZscope® is formed by a bottom plate with integrated Transwell® basolateral
reservoir and steel electrodes, and by a removable lid with integrated apical steel
electrodes [36]. (b) The ECIS® system is formed by planar gold electrodes for the
measurement of adherent cells [38].

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

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

13.1 Constant perfusion

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

1.3.2 Air-liquid interface systems

One of the most relevant physiological features of the airways is the coexistence of a gaseous and
liqguid phase. While some cell lines can polarise under submerged conditions, primary bronchial
epithelial cells (PBEC) require the presence of an ALl in order to polarise, differentiate and form a
physical barrier. Several organ-on-chip devices enabling this feature have been developed,
providing a more physiological representative model of the airways.

Nalayanda et al. [39] developed an open access device where epithelial cells can be cultured with
the apical side open to the atmosphere while they are fed by cell culture medium by flow on the
basolateral side. In this system, a nanoporous polymeric membrane is sandwiched between two
layers of poly-dimethylsyloxane (PDMS). The opening is created by punching a hole through the
PDMS. Cells cultured in this platform demonstrated a higher degree of monolayer integrity and a
decrease in surface tension of the hypophase as compared to cells cultured under conventional
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media exposure. In another study Huh et al. investigated the effects that the ALl induces in a cell
culture with two devices in which the gaseous phase was confined in closed channels and flow
condition were applied [40, 41]. Schematic structure of the analysed systems are shown in Figure
1-7. These studies proved the feasibility of the recapitulation of an ALl culture and the replication
of the alveolar space in a microfluidic device. Moreover, using fluorescence microscopy, TER
measurements and analysis of the surface tension they showed that this configuration yields a
culture with responses to microbial infection and nanoparticles that partially recapitulate the
in vivo situation. In all these studies, a direct measurement of barrier integrity at the ALl with the
standard EVOM® system was not possible due to the lack of an apical electrolyte. To enable the
measurement, apical compartments of cultures were temporarily submerged with medium and left
to stabilise for 10 minutes.
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Figure 1-7 Examples of lung-on-a-chip devices from the literature of epithelial cells cultured at the
ALl. A device with an open access chamber for an ALl monoculture of bronchial
epithelial cells [39] (a). The ALl recapitulates the in vivo situation and is required for
the differentiation of PBECs. A device with a channel for the air flow [41] replicating
the alveoli (b).

1.3.3 Chemical stimulation

In order to minimize the cost of testing new drugs, the throughput of any device should be
maximised. One way to improve the drug testing throughput of a device is by increasing the number
of different concentrations of the drug to be tested at the same time in parallel. Different
engineering approaches capable of testing several drug concentrations at once have been proposed
and 3 examples are discussed below and are shown in Figure 1-8.

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

1.3.4 3D environments

Cells are greatly influenced by their surrounding environment. In physiological conditions, they are
surrounded by the extracellular matrix (ECM), which is a mixture of macromolecules and proteins
(of which collagen I is the most abundant [45]) which has structural and regulatory effects on the
cell. The recapitulation of this physiological environment is an aspect which is often pursued in
tissue engineering. Three dimensional (3D) structures are usually adopted in cell cultures in order
to maximize the degree of fidelity of the model. A 3D culture can be achieved through the use of
3D features, through culture of multiple cell types or through 3D differentiation (e.g. PBEC ALI
cultures).

Zhang et al., developed a device for the culture of cells in different types of 3D scaffolds [46]. Among
other findings, the culture of osteocytes on polystyrene (PS) microbeads and the culture of primary
murine intestine epithelial cells on an electrospun nanofibrous mesh were successfully achieved,
highlighting the high adaptability of the platform. In another study, Wu et al., reported different
morphologies for PBECs grown in different environments [47]: cells cultured on a thin layer of type
IV collagen-coated membranes showed a cobblestone appearance whereas cells cultured on a
thicker layer of growth factor-reduced Matrigel (a commercially available mixture of ECM proteins
secreted by mouse sarcoma cells) assumed a 3D spheroid configuration. Osei et al., performed a
3D co-culture on commercial supports [48]. Human bronchial epithelial cells (16HBE140-) and
human fibroblast (MRC-5) were cultured in different compartments of the system. The interaction
between the two types of cells led to increased levels of produced pro-inflammatory cytokines (IL-
8). Examples of 3D cultures from the literature are reported in Figure 1-9.
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Figure 1-9 Examples of 3D cultures from the literature. (a) A system for the culture on PS
microbeads or on electrospun polymer [46]. (b) Differences between cobblestone and
globular appearances of HBECs cultured on different substrates [47].

135 Membrane permeation

A key aspect of the effectiveness of a drug is its ability to reach the systemic circulation. In order to
do so, drugs need to have high permeability through the epithelium and to be substantially
absorbed [49]. Drugs can be absorbed either by passive diffusive or active transport by membrane
proteins. Both epithelial cell lines and primary cells have been used to perform in vitro permeation
studies on the culture [50].

Forbes et al., [51] performed permeation studies on the human bronchial epithelial immortalised
cell line (16HBEs) which were polarised by growing on commercial supports. They reported a
decrease in the permeability of the culture to mannitol as the TJs were established over time, as
shown in Figure 1-10. Moreover, they studied the relation between membrane permeability and
hydrophobicity using drugs with different partition coefficients (i.e. the equilibrium solubility in the
cells), namely: mannitol, sotalol, salbutamol, atenolol, metoprolol, timolol, betaxolol and
propranolol . Jang et al., reported the development of a microfluidic tubule-on-a-chip as an in vitro
model to study drug permeation through a culture of primary human kidney proximal tubular
epithelial cells [52]. The study highlighted the importance that the continuous flow has in
maintaining the physiological properties of the culture such as cell polarisation, primary cilia
formation, albumin transport, glucose reabsorption, and recovery from a cytotoxic compound
(Cisplatin).
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Figure 1-10 Correlation between TER and mannitol permeability. As TJs are established over time,
the electrical resistance of the culture increases whereas the permeability decreases
[51].

1.3.6 Mechanical stresses

Mechanical stresses are known to play an important role in cellular physiology [53]. Cells all over
the body are affected by shear stresses caused by blood flow. In the lungs, alveoli naturally undergo
cyclical mechanical stretch associated with breathing while in chronic respiratory disease the airway
bronchial epithelium undergoes compression as a result of bronchoconstriction.

The stretching associated with breathing in the alveoli compartment was recreated in a PDMS chip
by Huh et al., [40]. Human alveolar epithelial cells and human pulmonary microvascular endothelial
cells were cultured on the different sides of a porous membrane sandwiched between two layers
of PDMS. In addition to the channels for the liquid phase and for the gaseous phase, there were
two ancillary channels located either side. The cyclical application of vacuum in the side channels
caused a deformation of the thin PDMS walls and the subsequent stretching and relaxation of the
culture. Another study by the same author [41] reported the development of a device to investigate
the noxious effects that the formation and implosion of air plugs might have on the culture. This
condition is observed in several pulmonary diseases, including chronic obstructive pulmonary
disease and asthma. This device has the capability to create small plugs of liquid in a flow of air and
to push them along the culture. As the liquid plugs advance in the channel they lose liquid on the
wall: this will cause consumption of the plugs which will eventually implode enforcing mechanical
stresses to the cells. Schematics of the devices used in the 2 studies are reported in Figure 1-11.

Compression associated with bronchoconstriction in the bronchial compartment was recreated by
Chu et al., [54] and by Ressler et al. [55], who used the same model to apply compression stress on
a culture of normal PBECs and to a culture of rat tracheal epithelial (RTE) cells, respectively. To
obtain the transcellular compression they injected a stream of compressed air in the apical
compartment of a standard Tranwell® system sealed with a silicon plug. Using immunofluorescence
and total RNA analysis, they observed that under compression conditions epidermal growth factor
receptor (EGFR) shows an autocrine activation process in PBECs [54] and that RTE upregulate
expression of mRNAs for Egr-1, ET-1, and TGF-b1 in a magnitude- and time-dependent manner [47].
In these studies, mechanical stresses were found to have great effects on the culture, having a
direct impact on cellular viability and on transport properties.
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Figure 1-11 Examples from the literature of devices which recreates physiological mechanical
stresses. (a) A cyclical stretching of the membrane equivalent to the one caused by
breathing is achieved by applying cyclical vacuum in the side channels [40]. (b) A device
to generate air plugs and implode them on the culture [41]. (c) A system to apply
compression stress on a static culture of epithelial cells on Transwell® [47].

1.3.7 Body-on-a-chip

The human body is a complex network of interacting organs: biological studies that focus only on
one tissue can miss important effects stemming from multi-organs interaction. For example, in the
human body the plasma concentration of a drug over time is controlled by its ADME processes [56].
Tissues deriving from different organs are required to recapitulate these effects in vitro. A micro-
engineering approach to overcome this issue is the body-on-a-chip, where different tissues are
culture in separate chambers and are exposed to the same medium. In this way, synergic
interactions can be analysed [15].

Li et al., [6] developed an integrated discrete multiple organ cell culture (IdMOC) system, where
cells derived from 6 different tissues (normal human primary hepatocytes (liver, metabolism),
kidney proximal tubule cells (kidney, excretion), small airway epithelial cells (lung), aortic
endothelial cells (heart), aortic endothelial astrocytes (brain) and MCF-7 human breast
adenocarcinoma cells) were cultured in segregated wells with an overlying common layer of culture
medium. This system was used to compare the toxicity of an anti-cancer drug (tamoxifen) toward
each cell type, and found that, based on the concentration needed to cause 99% drop in survival,
MCF-7s were the most affected by the drug and the hepatocytes were the least affected. In another
study, Sung et al., [57] developed a micro cell culture analog (LCCA) where cells derived from the
liver, the marrow and colon cancer were cultured in three separate chambers connected by the
medium flow. Flow residence times for each chamber and for an external reservoir (which
mimicked the hold-up of the remaining part of the body) were designed to resemble physiological
conditions. This system was able to reproduce the physiological metabolism of an anti-cancer drug
(Tegafur®, a prodrug of 5-fluorouracil), as opposed to cells cultured in standard systems. In another
study, Imura et al., [58] designed a PDMS microsystem that integrated intestinal cells on a porous
support, liver cells on beads and cancer cells on glass connected by the medium. A pro-drug
candidate (epirubicin) was introduced in the apical compartment of the intestinal cells: in order to
have an effect on the cancer culture it needed to be absorbed by the intestinal cells and be
metabolised by the liver cells. The results obtained with this system were comparable with the pre-
existing clinical ones demonstrating its capability to obtain in vitro physiological response to drugs.
Schematics of the 3 systems are shown in Figure 1-12. While these body-on-a-chip systems are still
far from recapitulating the in vivo complexity of the human body, they can be used in conjunction
with mathematical pharmacokinetic models to obtain predictions of drug effectiveness and toxicity
during the preclinical development stage that are more reliable than current models [59].
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Figure 1-12 Schematics of body-on-a-chip systems. (a) Static wells exposed to the same static
medium (6 cell types) [6]. (b) Microfluidic system with cells cultured on glass surface
(3 cell types) [57]. (c) Microfluidic system with cells cultured on porous support, beads
or glass surface (3 cell types) [58].

1.3.8 Electrical characterisation of barrier properties

The TER of an epithelial cell layer is a variable that yields information on the status of the Tls, on
the tightness of the barrier and on cellular viability. The monitoring of this value is extremely useful
to assess effects of positive or negative stimuli, and many studies proposed different systems for
its measurement. Schematics of 4 systems from the literature used to measure cellular electrical
properties are shown in Figure 1-13.

Hediger et al., [60, 61] proposed two studies aimed towards the development of a device produced
in a clean room environment with integrated electrodes for the measurement of TER. In these
studies, they produced and tested both platinum and Ag/AgCl electrodes. The integration of the
polymeric porous support into the system was reported as the critical step in the manufacturing
process: to ensure the absence of the glue on the culture surface during assembly a custom gluing
procedure was developed. These systems could detect an increase in the measured resistance after
the submerged culture of Madin-Darby canine kidney (MDCK) cells (Figure 1-13a). In another study,
Booth et al., [62] developed a PDMS microfluidic device with integrated Ag/AgCl electrodes to
monitor the development of the blood brain barrier (Figure 1-13b). The system used the
commercial EVOM2 epithelial volt-ohmmeter to perform a TER measurement every 12 hours, and
compared the electrical properties of endothelial cells mono-cultures and co-cultures of endothelial
cells and astrocytes. The microfluidic blood brain barrier (uBBB) showed significantly higher TEER
levels than in static models, with a comparatively short time to steady state TEER compared to
dynamic in vitro blood brain barrier (DIV-BBB). The same system was used to assess the time
required for the culture to recover from stimulation with Histamine.

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

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

1.4 State of the art limitations

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

Currently, there are no systems able to perform the electrical real-time monitoring of epithelia
cultured at the ALI. Existing organ-on-chip with electrodes on both side of the culture can’t perform
a measurement directly at the ALl and require a momentary submersion of the culture to perform
the measurement, thus achieving poor temporal resolution. The only existing system having both
electrodes on the same side of the culture provides a poor representation of the in vivo physiology
and lacks the sensitivity necessary to measure ALl cultures. Moreover, most systems reported in
the literature adopt manufacturing technologies not suitable for mass manufacturing, thus having
poor scalability.

In summary, there is the need to create a better in vitro platform for epithelial cell culture yielding
high-throughput and reliable information on epithelial barrier properties. Such device could reduce
the attrition rate at the clinical stage of drugs development and greatly reduce the costs associated
with it.

1.5 Aim of the project

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

Organs-on-chip are a subset of the lab-on-a-chip class, which refers to devices that can perform a
wide range of tasks, with the common feature of being miniaturised (um size) and fabricated using
standard semiconductor technologies. This technology has found applications in many fields,
especially in life sciences. The design of such devices involves several branches of physics,
combining the “wetness” (Fluid Dynamics, Biology, Chemistry) of life sciences with the “dryness”
(Mechanics, Electrics, Electronics) of the semiconductor industries. This chapter provides a
theoretical background of fluid dynamics and of electrical measurement in biological systems.

2.1 Fluid dynamics in microsystems

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

2.1.1 Navier-Stokes equation

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

2
Po (a—? +u- Vu) = —Vp + uoV?u (2.1)

Here u(%, t) is the velocity field which depends on the spatial coordinates X = [x,y, z] and on the
time t, p(X, t) is the pressure field, p, is the density and u, is the dynamic viscosity of the fluid. The
system of equations must be coupled with the mass conservation constraint. If the density is
constant (i.e. negligible thermal expansion and incompressible fluid) the mass conservation can be
expressed as:

V-u=0 (2.2)

2.1.2 Dimensionless Navier-Stokes equation

The Navier-Stokes equations can be made dimensionless by rearranging the constant terms.
Dimensionless equations are useful because they are independent of the scale of the system and
allow for qualitative comparisons. To obtain a dimensionless equation, characteristic quantities
specific to the system are introduced:
e Lyis acharacteristic length scale. It is usually either the biggest spatial dimension (length of
the device) or the dimension of a small part in the system (valve seat, restriction in a
channel).
e U, is a characteristic velocity in the system.
e T, is acharacteristic timescale. If the system is subject to an external periodic perturbation
with frequency fy, itis Ty = 1/f,. If the steady state is considered, it is Ty — oo.
e Pyis acharacteristic pressure in the system.

Using the following normalisations:
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the Navier-Stokes equations in dimensionless form become [68]:
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Rearranging the constant terms gives:
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Which can be expressed as:

au*
at*

* P R * % * ok
Re(StSm+u - V'u') = —=V'p" + V¥ 'u (2.6)

Where Re, St and Ru are three dimensionless numbers:

2.13

UoLo ) N .
Re = % is the Reynolds number. It represents the ratio between inertial and viscous
0

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

L
St =—

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

then Ty = Lo and St = 1. If the system is in a steady state, then Ty = o0 and St =0,
0

which makes velocities independent of time.

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

2
Ru = p‘;i is the Ruark number. It represents the ratio between advection (transport by
0

bulk motion) forces and a characteristic pressure.

Reynolds number

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

From these observations it was concluded that there are two possible types of flow for a fluid:
e Alaminar regime where the fluid flows in an ordered manner with each particle following
a parallel trajectory or streamline.
e Aturbulent regime where the fluid flows in a chaotic manner forming vortexes.

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

It is possible to predict which kind of flow occurs in a system by analysing the Reynolds number:
e ForRe > 10000 the flow will be turbulent.
e For Re < 10 the flow will be laminar.
e For10 < Re < 10000 there will be a mixed flow with transition from one behaviour to
the other.

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

-6 Kg mm -1
_ pvd _ 19 Gy 1 107 Tmm
Re = o 10-o.Kg ~ 0.1 (2.7)
mms

which is well within the laminar flow regime.

214 Stokes equation

If no external time-dependent perturbation is applied, then T, = % and St = 1 : in a microfluidic

0
R . . .
systems where Re < 1, then £~1 to apply the mass conservation constraint. The Navier-Stokes

equation then simplifies into the Stokes equation [70]:

—Vp + uoV?u =0 (2.8)

V-u=0 (2.9)
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2.15 Boundary conditions

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

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

uSTILLWALL — () (2.10)

MOVING WALL

ulf = yWALL (2.11)

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

ugAs

——=0 (2.12)

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

ufllP = -2 (2.13)

e Impermeability: no flow into the wall is allowed.

ug]MPERMEABILITY =0 (2.14)

2.1.6 Poiseuille flow profile

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

.

h—X

Figure 2-2 Schematic for the pressure-driven flow between two still plates. The origin of the y-axis
is in the centre of the channel. The channel height is 2h. Pressure P1 is applied at one
end and pressure P2 is applied on the other.
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To find the velocity profile, the Stokes equation must be solved:

aux au_‘y

6x+W:0 (2.15)

%uy | 0%uy) _ 9p
(ax2 ayZ) T ox (2.16)
(5’2‘1+62“y)=9E (2.17)
K dx2 dy? oy ’
The boundary conditions are:
e No-slip on the wall
Uy (y=—n) =0 Uy (y=h) = 0
e Impermeability of the wall
Uy,(y=—h) = 0 Uy,(y=h) =0
e Pressure
P(x=0) = P1 Px=L) = P2

From symmetry u=u(y). This means that the velocity depends only on the y-axis. Therefore, the
mass balance becomes:

%y _ (2.18)

which when integrated considering the impermeability boundary conditions, yields:
u, = constant = 0 (2.19)

The equation with the u,, components of the Laplace operator gives:

op _
5y =0 (2.20)

Which means that the pressure is only a function of the x-axis. The two partial derivatives in the
Equation 2.17 are now total derivatives, becoming:

d*u, _ dp
57— ax (2.21)

The term on the left is a derivative with respect to the y-axis, whereas the term on the right is a
derivative with respect to the x-axis: the only solution for this equation is for both terms to be
constant.

d*uy _dp _
Koy “ax = Const, (2.22)
Integrating the pressure:
p = Const, x + Const, (2.23)
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Using the boundary conditions for the pressure:

Const, = p; Const, = % = ATP (2.24)
Integrating the velocity:
duy _ Consty _ Ap
o y+C0nst3—HLy+C0nst3 (2.25)
_Abp 2
Uy =57 + Constzy + Const, (2.26)
Using the boundary conditions for the velocity:
Const; =0 Const, = _ AP p2 (2.27)
2u L
The velocity profile becomes:
A
uJIzLATES —_ 4P (y2 _ hz) (2.28)

2ulL

Which is the parabolic Poiseuille flow profile observed for flow between two parallel plates as
shown in Figure 2-3 [71]. The total flow rate can be found by integrating the velocity profile over
the cross-section (d is the depth of the channel):

3
QPLATES — 2 foh UPLATES g gy = 2dh” Ap (2.29)

3u L

h
p1 P,
uX
.,
-h X

Figure 2-3  Poiseuille parabolic flow profile for a pressure-driven flow between two still parallel
plates.

The same procedure can be applied to find the laminar profile in a pipe of diameter R:

PIPE _ Ap . 2 52
Uy —4ML(r R*) (2.30)

Which can be integrated to find the equation for the pressure drop:

Ap _ 128pQ
Yy (2.31)
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where D = 2R is the diameter. The pressure drop depends on the fourth power of the diameter: if
the diameter is halved, a 16-fold pressure difference is required to obtain the same flow rate.

2.1.7 Diffusion

Consider two species of gas placed inside a box and separated by an impermeable septum as in
Figure 2-4. Inside each compartment gas molecules experience random motion due to thermal
agitation. When a molecule hits a wall or the septum, it bounces off elastically. When the septum
is removed, the two compartments are no longer separated and the molecules that would have
bounced off the septum will now move into the other compartment. The molecules will mix due to
fluctuations of the thermal random motion. The steady state will be reached when the number of
molecules moving from one compartment to the other is statistically equivalent: this only happens
when the concentration of each is species is the same across all the system. This process is called
diffusion.

The diffusive flux of a species A into a species B can be quantified from Fick’s law as [72]:

dcy

Diff _
A dx

= —Dyp (2.32)

Where ]fiff is the diffusive flux of the species A [%], Cy is the concentration of the species
m3

minus sign in front of the second term means that the flux is from regions of high concentration
towards regions of low concentration.

2
A[m()l], and D, is the diffusivity (or diffusion coefficient) of the species A in the species B [mT] The
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Figure 2-4  Diffusion process - Two different species of gas are placed inside a box and separated
by a septum. Inside each compartment the gases are experiencing random motion due
to thermal fluctuations and are bouncing on the walls. When the septum is removed
the gases will no longer be able to bounce on the septum and they will start mixing
due to thermal fluctuations. The steady state is reached when the concentration is
uniform in the system.
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The diffusivity Dp :

e |s not symmetrical ( Dyg # Dgy ). This means that the diffusivity of the component B into
component A is not equal to the diffusivity of the component A into component B.

e Depends on the temperature. The higher the temperature is, the more thermal agitation
the molecules will experience, leading to faster diffusion and higher diffusivity.

Analysing Brownian motion, Einstein developed an equation (the second moment of the solution
for the density to the diffusion equation) that relates the diffusion coefficient, time and mean
squared displacement [73]:

x2 = 2Dt (2.33)

Which states that the displacement that molecules will on average experience is proportional to
the diffusivity and to the time squared. A Gaussian concentration impulse increase its variance over
time due to diffusion, and reaches the steady state when the concentration is uniform across the
domain.

2.1.8 Péclet number

A fluid in @ microchannel will undergo the combined effects of diffusion and convection (i.e. the
transport by bulk motion). A dimensionless number that indicates the relative importance of the
two effects is the Péclet number, defined as [70]:
pe = Joko _ Tayr (2.34)

D Tconv
Where Tg4irr = %%’ is the characteristic diffusion time and 7., = lLI—‘; is the characteristic
convection time. If Pe is small the characteristic transport time of diffusion is small and diffusion
will strongly affect the system; vice-versa if Pe is high convection will prevail and diffusion will be
negligible. At the microscale Péclet numbers are usually 10%-10* times smaller than at the
macroscale, therefore diffusion effects can’t be neglected [74].

2.1.9 Total dispersion

The parabolic Poiseuille flow leads to dispersion of a solute. As an example, consider the temporal
evolution of a flow in a horizontal pipe with an initial concentration impulse. After a given time unit,
the distance travelled by the solute in the centre of the pipe will be greater compared to the
distance travelled by the solute close to the walls. The solute spreads, and is no longer contained
in a single section. This dispersion combines with the dispersion induced by diffusion. This synergic
effect was studied by Taylor and Aris [75, 76] who found that for a cylindrical pipe it is possible to
introduce an effective diffusivity:

P 2

which takes into account both effects. The effective diffusivity is always bigger than the normal
diffusivity, and it increases with increasing Péclet number (higher velocities lead to a greater
dispersion induced by the parabolic profile).
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2.2 Electrical measurement of biological systems

The organ-on-a-chip described in this work will perform electrical measurements of an epithelial
tissue. In this section the basics of electrical measurement of biological systems as well as specific
aspects of measuring epithelial cells are discussed.

In direct current (DC) measurement, a constant potential difference is applied. All the capacitors in
the system are completely charged and act as open circuits. The amount of current flowing is
affected only by the resistive components and is proportional to the applied voltage:

where R is the resistance of the system. In alternating current (AC) measurements, the impedance
depends on the frequency of the applied signal:

1N =55 (237)

Analysis of the frequency dependence of the complex impedance can be used to characterise the
different components of the system.

2.2.1 Geometric cell constant

The current flowing in an electrolyte depends on the applied voltage, on the solution conductivity
and on the geometry of the electrodes. For two infinite planar electrodes facing each other (Figure
2-5), the resistance and capacitance is related to the dimensions according to:

R=2% C = o8, 5 (2.38)

where, d is the distance between the plates, A is the surface area of each plate, g is the solution
conductivity, &, and &, are the vacuum and the relative dielectric constant respectively. The
geometrical parameters can be grouped into a single term called geometric cell constant K:

d
K = " (2.39)
It follows:

R =

K
p C=— (2.40)

In practical cases it is impossible to determine exactly the cell constant due to fringing field effects
and a calibration with a solution of known conductivity or numerical simulations are used for its
determination.
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Figure 2-5 Schematic diagram of a simple electrolytic cell with two electrodes with area 4, distant
d, and medium electrolyte with conductivity o and relative permittivity &,..

2.2.2 Thermal effects

The conductivity of an electrolyte is dependent on the ability of the ions in solution to transport
charge across the system. This ability is affected by the number of ions present and by their mobility
inside the solution, according to the equation [77]:

AY, = (zppyvy + Zz_u_v_)F (2.41)

where A‘,’n is the infinite dilution molar conductivity, F is the Faraday’s constant, v is the number of
ions, z is their valence, u is their mobility and the subscript indicates the sign of their charge.
Temperature variation can affect both the number of ions and their mobility:

e For pure water or weak acids/bases the temperature affects the dissociation constant and
thus the number of ions present in solution.

e The temperature affects the random thermal fluctuations and thus the ability of an ion to
move through the system.

To account for conductivity variations due to thermal effects, an empirical approach is based on
fitting experimental resistivity data with an exponential function [78]:

B, C D
p(T) = eM*7tr7tes (2.42)

Where p is the resistivity of the solution, 4, B, C, D are empirical constants and T is the absolute
temperature. The use of four terms in the exponential yields accurate value in the range 0-300°C.
For small temperature variations, a simplified linear approach can be used for the conductivity :

o = 0o(1 + a AT) (2.43)
For fresh water at 25° it is assumed a =2 %/°C [79].

2.23 Electrode polarisation

Electrochemical reactions occur between an electrolyte and an electrode immersed in it. The
quality and quantity of these reactions depend on the nature of the electrode and on the
electrolyte.
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Non-polarisable electrodes

An electrode is defined as ideally non-polarizable if its potential is independent of the current
flowing through it. An electrode which has a behaviour similar to the ideally non-polarizable is the
silver/silver-chloride (Ag/AgCl) electrode. This electrode is formed by a silver wire coated with its
salt. The redox reaction:

AgCl(s) + e~ & Ag(s) + Cl~™ (2.44)

occurs at the electrode when an electric potential is applied. This reaction is characterised by very
fast kinetics: when a charge reaches the interface, it is immediately transferred into the electrolyte.
Thus, no accumulation of charge is present at the interface and no polarisation occurs. This
electrode is not well-suited for impedance spectroscopy of biological system because of the
production of cytotoxic silver ions [80].

Polarisable electrodes

An electrode is defined as ideally polarizable if there is no Faradaic current (i.e. current generated
by oxidation or reduction of molecules at the electrodes) flowing at the interface with the
electrolyte. An electrode which is close to being ideally polarizable is the platinum (Pt) electrode.
When an electric potential is applied, charge will accumulate at the interface. This charge will exert
forces on the ions present in solution, causing their redistribution across the system to create an
electrical double layer as shown in Figure 2-6 [81]. In biological measurements, this phenomenon
is not desirable as this redistribution of ions will shield the bulk system from the applied electric
field and completely dominate the signal at low frequencies (Figure 2-6). A complete understanding
of this phenomenon has not yet been achieved, but physical and circuit models have been
proposed.
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Figure 2-6  Effects of electrode polarisation, Ishai et al. [81]. a) Redistribution of the ions in the
electrolyte under the application of an electric field. b) Comparison between true and
measured characteristic for a measurement affected by electrode polarisation.

Physical models of the electrical double layer

Several models have been proposed to obtain the macroscopic behaviour of the system considering
interactions on the microscopic level. The first model to describe the phenomenon was proposed
by Helmholtz [82]. In this model the charges on the electrode attract ions with opposite charge
from the solution. This attraction leads to the formation of a layer of adsorbed ions close to the
surface of the electrode (Figure 2-7). Due to the presence of two layers of ions facing each other,
this phenomenon is called an electrical double layer (EDL). The two facing layers of ions behave like
a capacitor and the electric potential undergoes a linear drop in the region between them.
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Another model was proposed by Gouy-Chapman [83]. They found that the constant capacitor
model was not accurate enough. They considered a concentration of the ions which followed the
Boltzmann distribution: the equilibrium between electrostatic attractions and diffusive thermal
fluctuations in the system is then described by the Poisson-Boltzmann equation. Considering a
charged plate with infinite extension along the y and z axes submerged in an electrolyte, the Poisson
equation describing the electric potential ® deriving from a charge density p is:

d?o
I dx(;‘) (2.45)

whereas the Boltzmann distribution for the ions in the solution is:

~Zi 4 9(x)

px =Nagq T;CPM* z;e *8T (2.46)

where kg is Boltzmann's constant, g is the charge of the electron, Cibulk is the concentration of an
ion species in the bulk of the system, T is the temperature, N, the Avogadro's number, z the
valence of an ion species and the sum is extended to all the j-species of ions present in the solution.
Combining the two equations:

—zi g P(x)

o
& = le C?ulk Zi e kBT ( 247 )

dx? oy

which is the Poisson-Boltzmann equation for the system that defines the change in potential and
charge with distance from the electrode. Considering only one ionic species (|z*|=| z|), under
the assumption of low potential (g ®<kgT) and using the boundary conditions:

dd(x) (2.48)
X — 00 — =0

{x—>oo O(x) =0
dx

the differential equation can be solved analytically. The solution for the potential at a distance x
from the charged plate is:

X

O(x) =Dy e " (2.49)

where @is the potential on the charged surface and Apis the Debye's length, defined as:

SosrkBT
Ap = |[——m 2.50
D 2N, qz z Céjulk ( )

In this model, close to the electrode there is a diffuse layer with an exponentially decreasing
concentration of ions. The Debye length characterizes the extension of the diffuse layer and the
rate of the exponential decay of the potential form the plate.

A third model proposed by Stern combines the main features of the two previous models (Figure

2-7) [84]. Moving from the electrode surface towards the bulk solution the effects considered by
this model are:
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1. Alayer of ions with the same charge of the electrode. These ions are specifically adsorbed
on the electrode (Inner Helmholtz Plane).

2. A layer of solvated counter-ions held in place by electrostatic forces (Outer Helmholtz
Plane).

3. Adiffuse layer with an exponentially decreasing concentration of ions.

In this model the electric potential undergoes a linear drop in the first two layers and an exponential
drop in the diffuse layer.

Electrical models

Circuit models derived from experimental data have been developed to characterize the electrode
polarisation [85]. An evolution of Helmholtz's constant capacitor model was developed by Warburg
[86]. This model was developed under the hypothesis of infinitely low current density and is based
on a resistor and a capacitor in series. It states that the polarisation capacitance is inversely
proportional to the square root of the frequency and that the phase angle of the system is constant
and equal to 45°. Analysing experimental data, Fricke found that the Warburg model had limited
applicability; to improve the model he proposed that the phase angle must be constant but it may
be different from 45° [87]:
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Figure 2-7 Two physical models for the electrical double layer. a) Helmholtz model: two layer of
ions with opposite charge facing each other; b) Stern model by Ishai et al. [81]: a layer
of specifically adsorbed ions with the same charge as the electrode (Inner Helmholtz
plane), a layer of solvated counter-ions (Outer Helmholtz plane) and a layer of diffuse
ions.

C=— (2.51)

= 2.52
@rfym (2.52)
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where ( is the phase angle and m and k are constants which depend on the electrode metal. For
the case m=0.5 the Fricke model reduces to the Warburg model. To satisfy equations 2.51 and 2.52
the polarisation resistance in series must be:

1
k(@mf)tT™ tan(To)

(2.53)

In the Fricke model the parameter m controls the overall response of the system:

e Form=1 the system is purely capacitive:

k
=_ C=— R=0
5 2 2nf
e For m=0 the system is purely resistive:
=0 C=k

Both the Warburg and the Fricke models are composed of a resistor and a capacitor in series, thus
in none of them is direct current allowed. Experimental evidence showed that m usually varies
between 0.15 and 0.32 for a wide range of metals. The Fricke model is experimentally validated for
low current densities and for frequencies in the range 100 - 3500 Hz. The Warburg and Fricke model
are shown in Figure 2-8.

WARBURG FRICKE

°—’VW‘—|I—° —\W— |-
R, C,=k/w"* R, C.=k/o"

Figure 2-8 Electrical models for electrode polarisation. (Left) Warburg model (£=45°) and (Right)
Fricke model {=constant). For m=1/2 the models are equivalent.

Effects of current density

All the models presented so far are based on the hypotheses of low applied potentials/current
densities. Experimental evidence shows that the polarisation impedances have a current density
threshold (for platinum electrodes it is approximately 0.1 mA/cm?) as shown in Figure 2-9 [88]. For
values below the threshold the polarisation impedance is not affected by the current density [89,
90]. For values above the threshold the polarisation capacitance increases and the resistance
decreases with the current density. At high current densities the overall polarisation impedance is
decreased and it affects the measurement to a lesser extent.

Polarisation correction
In biological measurements it is not common to use Ag/AgCl electrodes due to silver cytotoxicity.

Instead, the use of polarizable electrodes such as platinum is widespread due to its good
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cytocompatibility. Thus, electrode polarisation is a common problem in biological studies that
needs to be addressed. Two possible solutions are presented:
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Figure 2-9 Effects of the current density on the electrode polarisation for Pt electrodes by Geddes
[85]. While the phase angle is not affected, the magnitude of the impedance is
decreased for higher current densities.

Four-electrode technique

In this approach two pairs of electrodes are used as shown in Figure 2-10. The first pair is used to
drive a constant current through the system, and the second pair is used to measure the electric
potential drop across the sample. If no current is drawn in the potential-measuring electrodes, then
all the measured potential drop is localised across the sample, excluding polarisation effects from
the measurement [81]. To ensure that no current flows in the potential-measuring electrodes,
voltmeters with high input impedances are used.

O

El E2 E3 E4

~
N7

Figure 2-10 Four electrodes technique for polarisation correction. To measure the impedance of
the sample S accurately, a constant current is flown between electrodes E1-E4 and the
resulting potential drop between E2-E3 is measured.

Electrode coatings

To afirst approximation, the double layer impedance can be considered as a capacitor in series with
the system. Thus, it is possible to reduce the influence of the electrode polarisation on the
measurement by increasing the electrode capacitance. This can be done by increasing the surface
area of the electrodes. If the footprint of the electrodes can’t be increased during the design, it is
possible to coat the electrodes with porous material to increase the apparent surface area [81].
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Several materials have been used to achieve this goal such as platinum black, titanium nitride (TiN),
iridium oxide (IrOx) and polypyrrole/polystyrenesulfonate (PPy/PSS) [91]. The resulting polarisation
capacitances were found to be increased by factors included in the range 75-790.

2.2.4 Nanoporous support

During the measurement of epithelial cells in organ-on-chip systems, the polymeric supports for
tissue culture constitute an additional electrical resistance to be considered. The supports have
nanopores with a size usually equal to 400nm in diameter which allow the perfusion of nutrients.

The electrical resistance of the pores has two components: one proportional to the field inside the
pore and one due to the restricted access to the pore as shown in Figure 2-11.

Rior = Rpore + Raccess (2.54)

The resistance inside the pore can be calculated simply as a cylindrical resistor:

L L
Rpore:—: (255)

oA oma?

where p is the resistivity of the solution inside the pore, while L and a are the length and the radius
of the pore respectively. Several formulations have been developed to estimate the access
resistance of a small circular pore:

e Hille [92] approximated the access surface of the pore as a hemisphere with the same
radius. He computed the resistance from infinity to the hemisphere as:

: o 1 1 11®° 1
RHllle — — dr =—|— —] = 2.56
access fa moT? 2ol rl, ~ 2moa ( )

e Hall [93] calculated the access resistance using the transformation between resistance in
conducting media and capacitance in insulating media under the assumption that the
resisting medium fills the same medium that the electric field would [94]:

R=%2 (2.57)

and then considering half the capacitance of a charged conducting disk which is:

CChargedConductingDisk
2

= 4¢ea (2.58)

obtaining:

1
Rglcaclelss = toa (2.59)

The Hall access resistance is bigger than the Hille resistance of a factor /2 which corresponds to a
60% larger value.

The total pore resistance is then:
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Reor = i(i+1) (2.60)

oa \am 2

where the access resistance has been doubled to take into account both pore ends. The total
resistance is controlled by the pore radius for short pores and by the pore length for long pores.

In a typical polymeric support for cell culture the pore radius is 200 nm and the pore length (i.e. the
membrane thickness) is 12 um: the access resistance (with 6 =1.5 S/m) is Raccess“1MQ, while the
pore resistance is Rpore™10MQ.
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Figure 2-11 Electrical resistance of a small circular pore. An access resistance resulting from
restricting electric field lines is present in addition to the pore resistance. Hille [92]
and Hall [93] presented two methods to compute this additional component.

2.25 Cell layer structure

To analyse the electrical response of a cell layer it is necessary to develop a model for its structure,
which is formed from both insulating and conductive components (Figure 2-12). An epithelial cell
culture is formed from a layer of closely packed cells which are held together by complexes of
proteins. These TJs regulate the passage of ions and act as resistors when an external electric field
is applied. Each cell is formed from an outer phospholipid bilayer which is hydrophobic and prevents
the passage of water molecules and ions. Inside the cell the cytosol which is a water-based
conductive fluid. In the inner part of the cell, there is the nuclear membrane, which is another
hydrophobic phospholipid bilayer, which separates the conductive cytosol-based DNA
compartment from the rest of the cell.
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Figure 2-12 Schematic of electrical components of an epithelial cell layer. An insulating cell
membrane surrounds the cell and the nucleus. The cytosol inside cells and the nuclei
is conductive. TJs between cells regulate the passage of ions and are conductive.

2.2.6 Epithelial cell culture spectrum

Consider an epithelial cell culture on a porous support stimulated with an AC signal by two
electrodes positioned in the different compartments of the culture. The generic setup together with
the typical impedance spectrum and the equivalent circuit model are shown in Figure 2-13 [37].
The system is formed of two capacitors (i.e. the electric double layer and the cell layer capacitance)
and two resistors (i.e. the medium and the trans epithelial resistance TEER). At high frequencies,
the two capacitors act as short circuit and the overall impedance depends only on the resistance of
the medium. At low frequencies, the impedance is dominated by electrode polarisation. A plateau
is seen at intermediate frequencies: its height depends on the TJ resistance and the resistance of
the medium while its width is dictated by the cell layer capacitance. Impedance spectra of growing
epithelial cultures will be analysed in greater detail in the following chapters.
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ELECTRODES E qo00fY. o T
[}
1 R g
TEER [] B 1
BASOLATERAL APICAL N 100 C
COMPARTMENT I (COMPARTMENT
EPITHELIAL

CeLLs NANOPOROUS 10 l
SUPPORT 1 10 100 1000 10000 100000 C
nf/iradss™) T B

Figure 2-13 (Left) Typical setup for cell culture and TER measurement. (Right) Generic spectrum of
the impedance for an epithelial cell culture and relative equivalent circuit model by
Benson et al. [37]. At high frequencies the impedance of the system is dominated by
the resistance of the medium, at intermediate frequencies by the resistance of the cell
layer.

2.3 Chapter summary

This chapter examined two aspects of the theory of lab-on-a-chip, i.e. microfluidics and electrical
measurement in biological systems.
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The parameter that controls the fluidic behaviour of a system is the dimensionless Reynold number.
Systems with Re bigger than 10* are described by Navier-Stokes equations and are subject to
turbulence, while systems with Re smaller than 1 are in the laminar regime and can be described
by the simpler Stokes equation. Most lab-on-a-chip devices operate in the laminar regime because
their small scale translates into low Re. At low Re there is no turbulence, a closed steady-state
solution for the flow exists and the flow is time-reversible. By solving the Stokes equations with no-
slip boundary conditions on the wall, Poiseuille described the radial profile of the axial velocity for
a pressure-driven flow in a cylindrical pipe. The resulting parabolic profile for the axial velocity is
commonly used to compute the pressure drop for the flow in a pipe.

Diffusivity is another phenomenon that becomes important at the microscale. This phenomenon
is caused by microscopic random motions of dispersed particles in solution that have the
macroscopic effect of a tendency to reach homogeneity. The mean square displacement from the
initial position over time due to diffusion can be quantified by Einstein’s equation. Diffusion effects
at the microscale can sometimes be as important as convection effects: the Péclet dimensionless
number describes which of the two effects prevails in a given system. Both the Poiseuille parabolic
profile and the diffusion process tend to cause dispersion of concentrations, in a synergistic effect
described by Taylor-Aris.

Electrical effects that must be taken into account in measurements of biological systems were
examined in the second section of this chapter. When an electric potential is applied between two
electrodes submerged in an electrolyte, the resulting current depends on the system geometry, on
the electrolyte conductivity and electrolyte permittivity. Temperature affects the mobility of ions
in solution and thus affects the conductivity of the electrolyte with a variation of about 2 %/°C. The
current flowing in an electrolytic cell also depends on the electrochemical phenomena that take
place on the electrode surface. Polarizable electrodes are fully capacitive and do not allow the
passage of direct current. When submerged in an electrolytic solution, a double layer of ions is
formed at the electrode surface, shielding the system from the applied potential. Several models
were proposed for this phenomenon, both theoretical and circuital. The first theoretical model
consisting of behaviour of the ions similar to a parallel plate capacitor was proposed by Helhmoltz.
Gouy and Chapman assumed that ions had an equilibrium distribution described by the Poisson-
Boltzmann equation. Stern proposed a combination of the two previous models where the ions
follow a linear distribution in proximity of the electrode surface and decay exponentially far from
it. Circuit models describe this phenomenon with equivalent electric circuits showing similar
behaviour. The first model proposed by Warburg is based on the series of a resistor and a capacitor
with a constant phase angle for all systems, equal to 45°. Fricke improved the model by assuming
that the constant phase angle could vary for different systems. In both models the passage of direct
current is not permitted. Practically, electrode polarisation can affect the quality of the
measurement and is avoided by electrode surface modifications or by performing 4 electrode
measurements. When measuring the impedance of a tissue cultured on a nanoporous support, the
current access resistance to the support holes must be considered in addition to the pore
resistance. Hille and Hall gave two formulas to compute this added quantity.

Lastly, the electrical behaviour of cellular components was analysed. Cells and nuclei are enclosed
by phospholipid membranes which act as insulators. The cytosol inside the cell is a conductive
solution. Between epithelial cells, TJs regulate the passage of ions and are resistive components.
The total impedance of the system is the sum of all these components and is low at high frequencies
where the cell membrane is a short circuit and high at low frequency where the cell membrane is
an open circuit and the current passes between the cells through epithelial TJs.
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Chapter 3: Device Design

The aim of this project is to develop a microfluidic device for the culture and electrical analysis of
epithelial barrier properties. The schematic of the microfluidic device is shown Figure 3-1. A circular
nanoporous polymeric membrane is suspended on top of a microchannel 0.1 mm high. Cells are
cultured on top of the nanoporous membrane. They receive nutrients from lateral diffusion of the
medium perfused in the microchannel through the nanopores of the membrane (basolateral
compartment). The cell apical compartment is defined by a polymeric structure and is open-access
to allow the stimulation of the culture with chemicals during an experiment. It can be filled with
liquid or with air, depending on the type of cells. Inlet and outlet ports are present in the same
polymeric structure and have integrated tubing for connection with external equipment. The liquid
is pumped using a syringe pump and is collected at the outlet in a collection tank. Long tubing
connects the pump to the device and the device to the collection tank. Two pairs of electrodes are
integrated on the bottom of the microchannel, one directly underneath the culture chamber
(barrier) and one upstream of the culture chamber in the inlet channel (reference). Part of the
electric field lines generated by the electrodes under the culture chamber flow in the channel and
part flow through the cell layer. The total impedance measured by this electrode pair depends on
the electrical properties of the cells and is used to monitor the status of the cell culture in terms of
barrier properties. The electrodes in the inlet channel are distant from the culture chamber and are
not affected by variation in the cell culture properties and are used as reference. The two pairs of
electrodes are routed to one edge of the chip where they can be contacted by spring-loaded
connectors for connection with the rest of the equipment. A three-dimensional rendered model of
the target device is shown in Figure 3-2. In the following sections the design of the microfluidic
channel and of the electrodes are examined in detail.

FLOW FLOW

INLET OUTLET
EPITHELIAL APICAL

. CELL CULTURE COMPARTMENT
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CHANNEL

ELECTRODES
(CONTACTS)

e Fi \
ELECTRODES BASOLATERAL ELECTRODES NANOPOROUS
(REFERENCE) COMPARTMENT (BARRIER) SUPPORT

Figure 3-1 Schematics of the device: epithelial cells are cultured on a nanoporous support and
nutrients are provided by the medium flowing in a microfluidic channel placed in the
basolateral compartment. The apical compartment can be submerged or exposed to
the air. Planar electrodes are integrated on the bottom of the channel under the
support to measure the electrical properties of the culture.
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Figure 3-2 3D rendered model of the epithelia-on-a-chip. Platinum electrodes integrated on a glass
chip measure the electrical properties of a tissue cultured on a polymeric nanoporous
support. The tissue is fed by constant perfusion of medium in an underlying
microfluidic channel.

3.1 Fluidic Design

The design of the microfluidic channel should provide a homogenous flow across the system with
the lowest probability to trap air bubbles, in a compact space with minimum pressure variation
across the cell.

3.1.1 Microchannel dimensions

The dimensions of the microchannel are shown in Figure 3-3. The culture chamber diameter is set
to 5 mm, which is similar to the commercial Transwell® support (6.5 mm) but keeps the chip
compact. The inlet and outlet diameters are 1.2 mm to ensure ease of connection to the external
world. The inlet channel length is set to 3 mm to allocate the space for the conductivity electrodes.
The outlet channel length is set to 1.6 mm to keep the device compact and reduce the backpressure
on the culture chamber. The channel sidewalls are slanted to reduce discontinuities in the system
and prevent possible stagnation points for air bubbles. The channel width at the midpoint is 2.5
mm. The channel height is 0.1 mm. This height is the minimum that was possible to reliably
manufacture.
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Figure 3-3 Technical drawing of the microchannel (dashed lines are for reference). Inlet and outlet
are designed for connection with standard tubing. The size of the culture chamber is
similar to the commercial Transwell®. The outlet channel is shorter than the inlet
channel to reduce backpressure on the culture chamber. Channel walls are slanted to
reduce stagnation points for bubbles.

3.1.2 Flow profile

The flow rate is set to 30 pl/hr to achieve a velocity in the channel in the range of the physiological
interstitial flows (0.1-4 um/s) [95, 96].

The resulting Reynolds number in the chamber is:

ul
de 10_6k—‘§l] —Oiohrz 5mm
Re = A _ Ko ’I’ém =0.08
u 10-6 9
mms

which is in the laminar regime.

Finite element method simulations (FEM) were performed with COMSOL Multiphysics® (see
Appendix B for details) to analyse the flow in the microchannel and optimise the chip dimensions.
Figure 3-4 shows a profile of the component of the velocity longitudinal to the channel in the
chamber cross-section. The peak value is 35.1 um/s, while the average of the section is 18.7 um/s.
No slip conditions were assumed on the porous support.

The cell layer must experience similar conditions across the chamber to prevent the introduction
of artefacts due to cells having access to different amounts of medium. To calculate the uniformity
of the flow, the velocity profile and its gradient are computed in the centre of the culture chamber
as shown in Figure 3-4. Velocities are homogenous, with 84% of the channel section experiencing a
velocity equal to +25% of the mean. The same trend can be observed in the derivative of the velocity
with respect to the chamber width, where the prevalent variations are localised in the few hundreds
of micrometers close to the walls. Flow-induced shear stresses are applied to the nanoporous
support which acts as a buffer between the flow and the culture. The tissue is therefore protected
from mechanical stimuli.
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Figure 3-4  Finite Element Method (FEM) fluidic simulation. (Left) Velocity profile in the centre of

the culture chamber. (Right) Velocity gradient in the centre of the culture chamber.
Velocity gradient is close to zero in the central part of the channel.

3.13 Pressure drop

The FEM simulation of the pressure drop in the channel is shown in Figure 3-5. The pressure profile
is homogenous across the channel cross section. The outlet port of the device is connected via
tubing to an open reservoir, which causes additional backpressure on the membrane. The pressure
drop in the tubing can be computed using the Poiseuille equation. Assuming a 10 cm long tubing
with 1/32” (0.78 mm) inner diameter gives a pressure drop of:

1281 Q
AP=—"CI"1]-=
w D*

128 1073 Pas 8.3 10-3%[ 102 mm

= ~1 -1 )2
3.14 (0.78 mm)* 07" Pa

Because of the very small flow rate the pressure drop is of the order of a single Pascal and therefore
negligible in both the channel and the tubing.

10133

10132

Figure 3-5 FEM simulation of the pressure profile along the channel. Pressure is reported as heat
map. The pressure drop in the channel is in the order of single Pa.
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3.14 Pressure analysis

Because the apical compartment is exposed to the atmospheric pressure, instabilities can arise in
the system. The system shown in Figure 3-6 was analysed with and without the lid marked in red.
Section 1 is the meniscus in the tank, section 2 is the meniscus of the apical compartment and
section 3 is the meniscus at the outlet.

Hl_ @

LID

HO

Figure 3-6  Schematic of the system for pressure analysis. Section 1 is the water level in the tank.
Section 2 is the water level in the apical compartment. Section 3 is the height of the
outlet tubing. The need for a lid in the apical compartment (Red) is analysed.

The Bernoulli energy balance [97, 98] is:

P3+AP,

P. 1 1
S+ g (hy —ho) +5v5 = ===+ g (hy —ho) + V3 + Wiy (3.1)

where P, h and v are the pressure, the height and the velocity of the fluid at sections denoted by
subscripts, p is the density, g is the gravity acceleration constant and W;,.. is the irreversible work
dissipated by friction:

APy
Wirr = T ( 3.2 )

and AP, is the Laplace pressure [99] at the outlet induced by the presence of a droplet of radius R:

APF% (3.3)

where v is the water surface tension. Potential energies are computed with respect to the reference
height hy.

If there is no lid, the pressures are:
P2=P3:Pa (34)
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where P, is the atmospheric pressure. Assuming null velocity at section 2 and computing velocity
at section with mass balance:

UZ = 0 U3 = % (35)
The resulting equation for the height difference is:
. 2
AR = 2L By V5 (36)
Py 2g

This height difference depends on the Laplace pressure at the outlet, which is not constant but
varies over time with the radius of the droplet that forms at the outlet tubing. The droplet slowly
grows until it reaches a critical radius (which depends on the taper of the outlet), when it then
detaches and drops into a container. Thus, the equilibrium height of the liquid in the apical
compartment experiences cyclical variation and sudden changes in pressure which might affect the
cell construct. To prevent this effect, the apical compartment can be sealed with a lid.

The Bernoulli equation then becomes:

P P3+AP 1
S+ gy, —ho) = 2=+ g (hs = ho) + 303 + Wiy (37)
Considering the volume of gas enclosed in the apical compartment V; and the total height of the
apical compartment H:

VG:hGA hL+hG:H (38)

where h; is the height of the liquid, h; is the height of the gas and A is the chamber area. The
pressure in the apical compartment is:

_ nRGAsT _ nRGAsT

P, Ve  (H-hpA (3.9)
The resulting equation is:
n—RT _ — Pa+APL _ l 2 :
Ghopn T g(hy —hy) = “——+yg (hs — ho) + S V5 + Wiy (3.10)

As in the previous case, an increased pressure in the system (right hand side term of the equation)
leads to an increased pressure in the apical compartment (left hand side term of the equation). But,
if the apical compartment is sealed, the increase in pressure will be distributed between the
compression of the gas (first term) and the hydrostatic height (second term). Therefore, the lid
maintains gas in the apical compartment, which acts as a buffer for the pressure and helps to
maintain a constant liquid height. Sealing the apical compartment has the added benefit of reducing
the risk of contamination and infection from airborne pathogens. The lid is removable to provide
access to the apical compartment when needed.

3.15 Oxygen consumption
If the apical compartment is sealed it is necessary to ensure that there is enough oxygen for the cell

construct to grow and remain viable. A schematic of the oxygen sources and consumption is shown
in Figure 3-7.
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Figure 3-7 Cell culture chamber oxygen balance. Oxygen is present in the gas trapped in the chip
nggs and another in the apical compartment liquid né‘qu. Oxygen is also dissolved in

. Lig B . .
the pumped medium nolzq . Cells consume oxygen with a consumption rate r¢e!s,

A typical value for the oxygen consumption for cells can be obtained from the literature. For
example for the NIH-H460 Human large epithelial lung cancer cell [100] the consumption rate is:

rCellS =30 - 10—18 mol

s cell

Cells are seeded on the support at confluence at 4.5 10° cells/cm?. Therefore, the total daily oxygen
consumption can be approximately estimated as:

cells ) _1g mol _, mol
- 0.19cm* 30 - 107° —— 86400 = 2.2 107" —

Daily _ Cells — 5
= A =45 10
Coeus 27 m2 s cell day

7’102

where A is the area of the culture surface and ¢, is the concentration of cells on the surface.
The oxygen in the gaseous phase of the apical volume (200 pl) is:

cas _ Po,V 0.21 atm 200 ul

ngs = =
*  RgasT 0.082% 310 K

=~ 1.6 10~ %mol

where py, is the oxygen partial pressure at 1 atm, V' is the gas volume, R, is the gas constant and
T is the absolute temperature.

Considering equilibrium at 298 K, the oxygen dissolved in the liquid phase of the apical volume (200

wl) is:
mol

Lig A —
no, © = c6,V =Hpo,V =131073 T

0.21 atm 200 ul = 5.5 10~®mol
where c(L)z is the O, concentration in liquid phase, V is the liquid volume, H is the Henry equilibrium
constant for oxygen dissolved in water [101] and po, is the oxygen partial pressure.

The oxygen dissolved in the cell culture media which is pumped through the basolateral channel in
one day is:

mol ul mol
—— 0.21atm 30 — 24 hr =2 1077 —
latm hr

HaP =k V=H py,V=1310"3 3oy

TLOZ

This shows that the amount of oxygen consumed daily by the cell construct is of the same order of
magnitude as the amount of oxygen dissolved in the medium pumped in a day through the
basolateral channel. A reservoir one order of magnitude bigger than the daily consumption is
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present in the gas enclosed in the apical compartment, and is replenished every two days during
growth medium replacement. Therefore, the oxygen consumed by the cells can be delivered by the
system.

3.2 Electrodes Design

The microfluidic chips for cell growth have electrodes integrated into the base that are used to
measure the electrical properties of the cell construct in real-time. The shape, size and position of
the electrodes will determine the sensitivity of the measurement, therefore equivalent electric
circuit (EEC) model and finite element method (FEM) simulation were performed to analyse the
distribution of the electric field and to find the optimal design. It is important to maximize the
sensitivity of the electrodes to enable the measurement of epithelia at the ALI, where the signal-
to-noise ratio is low.

3.2.1 Trans-Epithelium and Cis-Epithelium impedance measurement

In a conventional Trans-Epithelium setup, the properties of the tissue are measured by the manual
insertion of two electrodes placed in the apical and in the basolateral compartment respectively
(Figure 3-8, left). When a voltage is applied between the electrodes a current flows through the
system which depends on the electrical impedance of the culture. In this configuration, all the
current flows through the tissue leading to a linear dependence between the current and the tissue
impedance.

IRANSWELLE TRANSWELL® [
APICAL
ELECTRODES APICAL COMPARTMENT
COMPARTMENT
EPITHELIAL
| | e T
NANOPOROUS SUPPORT
SUPPORT BASOLATERAL [COMPARTMENT
==T COMPARTMENT ELECTRODES

Figure 3-8 Trans-Epithelium vs Cis-Epithelium impedance measurement setup. In the Trans-
Epithelium configuration (a) one electrode is placed in the apical compartment and
one in the basolateral compartment, whereas in the Cis-Epithelium (b) both electrodes
are in the basolateral compartment.

While this linear response of the system is desirable, this configuration requires the presence of an
electrolyte in both the apical and basolateral compartment and is not suitable to measure
properties of cells cultured at the ALl. Moreover, the manufacturing complexity of a device with
this electrode configuration is challenging. For example, Hediger et al., described the fabrication
process of a device for cell culture with integrated trans-epithelium electrodes which required more
than 10 manufacturing steps including deep plasma, wet etching, powder blasting, metal thin film
deposition and a critical gluing process [60, 61]. On the other hand, only two simple steps are
required to manufacture electrodes on the same side (Figure 3-8b). In this Cis-Epithelium planar
electrodes configuration part of the current flows through the cell layer and part flows below it.
This leads to a non-linear electrical response and to a more complex data analysis process. A
schematic comparison between the two configuration is shown in Figure 3-9.
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Figure 3-9 Field lines distribution in trans-epithelium and cis-epithelium electrodes configuration.
(Top) In the trans-epithelium configuration all field lines go through the cell construct.
(Bottom) In the cis-epithelium configuration part of the current flows through the
tissue and part flows in the channel below it.

3.2.2 Equivalent Electrical Circuit

An equivalent electrical circuit (EEC) model is used to extrapolate the individual electrical
parameters from the complex impedance spectrum. The choice of model is not unambiguous
because of the complexity of the biological system. The finesse and level of details needed to
describe the system is in part arbitrary (e.g. the inclusion of the nuclei, the inclusion of a current
pathway across the cell layer, etc.). Nevertheless, not all the models perform in the same way and
it is therefore necessary to have criteria to find the best model. Problems that might arise during
fitting with an ill-suited model are [102]:

Under-Fit. A model without enough parameters fits the data poorly and will have high residual
errors. It might miss important information and not be able to explain features of the experimental
data.

Over-Fit. A model with too many parameters fits the data too well and might introduce features
that are not real. Moreover, the fitting algorithm will be less stable because the same variation of
the data can be explained with variation of different independent parameters.

The coefficient of determination is defined as:

Mod _ 5 2
R2 =3, o) (3.11)
(v7*-7)

where the sum is extended to the N data points, yl.Ex'J are the experimental values, yiM"d are the

values predicted by the model and ¥ is the mean of the experimental values. It quantifies how much
of the total deviance is explained by the model, and is used to determine the goodness of a fit.
Although this parameter yields good results for linear fit, it is not suitable as a tool to compare
different models in non-linear regressions [103]. The Akaike Information Criterion (AIC) [104] is a
well-suited parameter for the selection of the best model to fit a given set of data in non-linear
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regressions [103]. This criterion aims to optimize the residuals errors while using only physically
relevant parameters. A flowchart of the adopted algorithm is reported in Figure 3-10.

ADD/REMOVE
PHYSICALLY RELEVANT
PARAMETER
START NEW COMPUTE SIGNIFICANT
MODEL MODEL RESIDUALS IMPROVEMENT?
MODEL UPDATE

Figure 3-10 Algorithm for model selection. Parameters were added or removed from the starting
model and the resulting effects on the fit were analysed. If there was a significant
improvement the starting model was updated.

The AIC is defined as:
AIC = 2p — 2In(L) (3.12)

where p is the number of the parameters and In(L) is the maximum log-likelihood of the estimated
model which, under the assumption of normally distributed residuals, can be computed as [103]:

In(L) = -2 [In(27) + 1 — In(V) + In(EX, (0% — yF)?)] (3.13)

The AIC increases with the number of parameters and with the residual errors and decreases with
increased experimental data points. The model with physiologically relevant parameters with the
lowest AIC is the best-suited model to fit the data set. Five possible different EEC models of the
system were considered, as shown in Figure 3-11.

The first model considered is the one used by Sun et al. [66], which has 12 parameters. This model
uses a constant phase element (CPE) for the electrode polarisation. It includes both resistive and
capacitive components for the basolateral compartment (Rom, Com), the apical compartment (Ram,
Cam), the nanoporous support (Rim,Cim) and the cell layer (Rc,Cc). It also includes two paracellular
pathways across the cell layer (Rp1, Rp2). This model leaves out the cytosolic resistance and the
cellular nucleus: the former can be neglected because it’s smaller than the other components, while
the latter is only important at higher frequencies (> 107 Hz.). One flaw of the model is that it
includes two resistances in parallel (Rp1 and Rc) which can’t be determined univocally during the fit
(i.e. for a given value of the resistance parallel there are infinite possible combinations of
resistances values).

The second model considered assumes that capacitances of the basolateral compartment,
nanoporous support, and apical compartment are only important for frequencies outside the
measurement range (102 to 10° Hz) and that the respective capacitors can therefore be
considered open circuits. Resistances that could not be determined univocally because either in
series or in parallel were lumped together yielding a model with 6 parameters.

The third model considered uses a capacitor instead of a CPE to model the electrode polarisation.
As stated previously, a single capacitor (Cp.) is not adequate to model this phenomenon: this model
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with 5 parameters is expected to perform poorly and is used as a negative control for the AIC
analysis.

The fourth and fifth models considered use 7 parameters each and are used to verify the likelihood
of the assumptions made. One model includes the additional cytosol resistance in series with the
cell membrane capacitance (Rcs), while the other assumes that the apical capacitance (C.) cannot
be neglected.

b)

Rs + Ra

AN

Figure 3-11 Five similar electric equivalent circuit (EEC) models that could represent the system.
(a) Model reported by Sun et al. [66] with 12 parameters. (b) Proposed model with 6
parameters. (c) Model with 5 parameters with a simple capacitor for the electrodes
polarisation. (d) Model with 7 parameters with the addition of the cytosol resistance.
(e) Model with 7 parameters with the addition of an apical capacitance.

AIC were computed for each model using the same data set which represent a typical impedance
spectrum of a cell construct with an established barrier (Figure 3-12). AIC values can be shifted by
any additive constant, therefore it is not the absolute size of the AIC values that is important, but
the relative values of the set of models considered, and particularly the differences between AIC
values [102]. The model with 6 parameters gives the lowest AIC (461) and is therefore considered
to be the one that performs best. The models with 7 parameters follow closely with AICs slightly
bigger (463 for the model with cytosol resistance and 466 for the one with apical capacitance). The
literature model with 12 parameters is fourth with an AIC of 490. The model with 5 parameters is
the worst model considered with an AIC of 631.
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Figure 3-12 Akaike information criterion (AIC) calculated for the five proposed EEC models on a
typical dataset of a confluent cell layer.

To better understand the information provided by Figure 3-12, the fit for model (a), (b) and (c) are
shown in Figure 3-13 as magnitude and phase angle of the impedance. While model (a) and (b) fit
the data nicely, model (c) fails to recapitulate some of the feature of the data (e.g. low frequency
impedance and phase angle depth magnitude). This leads to bigger residual errors and an increased
AIC. On the other hand, fits from model (a) and (b) are similar to each other, with the fitting curves
almost superimposed. The greater number of parameters used without a significant improvement
of the residual errors is penalised by the AIC which leans heavily towards the model with fewer
parameters. The same process can be applied to explain the AIC differences between model (b) and
the 7 parameter model. In this case the small difference in the number of parameters is reflected
in the relatively small difference in AIC values. Model (b) is assumed to be the best model and used
in all the following sections.
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Figure 3-13 Comparison between fits performed with a model with 6 parameters (Red), 12
parameters (Green) and 5 parameters (Blue) on an experimental data set (Points).
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The final equivalent circuit model for the epithelial construct (b) is shown in Figure 3-14. This model
featuring only 6 parameters does not take into account some physiological parameters that have
minor influence on the overall response, but provides a robust and accurate tool for the analysis of
the parameters relevant to the application (i.e. the tissue resistance and capacitance, Rcand C).
The model includes the electrodes, the basolateral medium in the channel, the polymer cell
support, the cell culture and the medium in the apical compartment. As shown in the figure, there
are two parallel pathways for the electrical current, one along the basal channel and a second
through the nanoporous support, the cell culture and the apical compartment. The electrodes are
polarisable and are modelled as a constant phase element (CPE). The cell layer is modelled as a
parallel resistor-capacitor combination. The resistor represents the current flowing between the
cells and through the TJs (R¢) and the capacitor describes the charging current flowing through the
cell membrane and the cytoplasm (C.). The reactive components of the polymer cell-support and
of the medium in both the apical and basolateral channel are negligible in the experimental
frequency range (102Hz-10°Hz). The resistive components of the polymer support (Rs) and the
medium in the apical compartment (R,) are lumped together as a single resistor (Rs+R,). The total
impedance is not linearly dependent on the tissue construct parameters due to the presence of the
other elements in the system_ The equivalent electrical circuit is used to fit experimental impedance
data and extract quantitative information for all the parameters. More details on the fitting process
can be found in the Appendix. Typical values of the fitted parameters are reported in Table 1.

Not all the 6 parameters of the adopted model are relevant across all the frequency spectrum. At
high frequencies (>10°Hz) the cell membrane and the CPE are shunted and the model becomes the
parallel of the apical and basolateral resistors. The presence of the tissue construct becomes
important in the frequency range 10°Hz-10°Hz, where the cell membrane has its relaxation. The
CPE becomes relevant at lower frequencies (<103Hz) and dominates completely the measurement
at low frequencies (<10%Hz).

Table 1 Typical values of fitted parameters for the circular segment electrodes design.

PARAMETER PHYSICAL MEANING TYPICAL VALUE
CPE Coefficient |Electrode Impedance 5000 [Ohm]
CPE Exponent Electrode polarizability 0.51
(resistive or capacitive)
Rb Basolateral compartment resistance |8000 [Ohm]
Ra Apical compartment resistance 500 [Ohm]
Rc Construct resistance 0-300 [Ohm cm?]
Cc Construct capacitance 107-10°° [F/cm?]

51



Rs + Ra

AMN

!

/

CPE Rb Rs

Figure 3-14 Schematic diagram and Equivalent Electrical Circuit (EEC) of the cell construct. The
system consists of polarizable electrodes (Constant Phase Element, CPE) [Grey], the
basolateral medium resistance in the channel (Ry) [Pink], the polymeric cell support
(Rs) [Purple], the cell layer (R, C.) [Orange, Red] and the medium in the apical
compartment (R,) [Blue]. The circuit corresponds to the two parallel current pathways:
one along the bottom fluid channel and another through the cell layer.

3.23 Impedance spectra of a growing culture of epithelial cells

The equivalent circuit was used to simulate the evolution of the impedance spectrum as the
epithelial barrier becomes established, to analyse the predicted response. Impedance spectra were
computed keeping all the parameters constant except for one of the parameters relative to the cell
culture (Rc or C) at a time. The simulated change in impedance for variation in R¢ or C. is shown in
Figure 3-15. The baseline impedance spectrum shows that the reactive component of the
impedance dominates at low-frequencies due to electrode polarisation. This leads to an
exponential increase in the impedance magnitude at low frequency. R. increases as the barrier is
established. At high frequencies the cell membrane is short circuited, therefore the current flows
through the cell cytoplasm and the total impedance magnitude will be almost independent of the
cellular barrier. At low frequencies the cell membrane acts as an open circuit, therefore the current
flows in between the cells and the impedance magnitude increases as intercellular TJs are formed.
The frequency-dependent coupling between the signal and the culture leads to the formation of a
trough in the phase angle. For increasing R. values the magnitude of the trough increases and its
peak frequency shifts towards lower values. Both the impedance magnitude and the phase angle
shift towards lower frequencies for increasing values of C..

52



Magnitude impedance [Ohm]
Phase angle [Deg|

200

Frequency [Hz] Frequency [Hz]

500

Phase angle [Deg]

IMagnitude impedance [Ohm]

250

200 s s 25 : :
10° 10° 10 10° 10° 10° 10 10°

Frequency [Hz] Frequency [Hz]

Figure 3-15 Simulated evolution of a growing culture. The equivalent electric circuit is used to
predict the qualitative trend of the electrical properties of an establishing barrier.
Evolution of impedance spectra for: (Top) increased R, (Bottom) increased C.. All other
model parameters are kept constant.

Simulated variations of the impedance magnitude at different frequencies for variation of the
culture resistance are shown in Figure 3-16. At low frequencies (100 Hz) the impedance magnitude
is directly proportional to the culture resistance, whereas at high frequencies (100 kHz) it is not
affected by the culture resistance. At intermediate frequencies (3-7 kHz) there is a transition from
one behaviour to the other.
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Figure 3-16 Frequency-dependent simulation for the impedance magnitude. At 100 Hz the
impedance is directly proportional to the culture medium resistance, whereas at 100
kHz it is constant. In the 3-7 kHz range the measurement has a transition from one
behaviour to the other.
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To verify the trends predicted by the model for the impedance spectrum, experimental data for the
typical evolution of the impedance spectra of a growing culture of epithelial cells is shown in Figure
3-17. All the trends predicted by the simulated model are observed in the experimental spectra.
The impedance magnitude increases over time at frequencies <1 kHz and stays almost constant for
frequencies >10 kHz. The trough in the phase angle shifts towards lower frequencies as the barrier
is established.
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Figure 3-17 Typical experimental electrical impedance spectra of a growing submerged epithelial
cell culture. The baseline (day 0) is dominated by the low frequency electrode
polarisation. During the establishment of the barrier (day 1-4) the impedance modulus
at low frequencies increases and a relaxation is observed in phase angle. At high
frequencies the current flows predominantly through the cell membrane and the
impedance is independent of the status of TJs.

3.24 Electrode Optimisation

The developed model of the system is used in this section to determine the optimum design of the
measuring electrodes. The parameters that characterize the cell layer are the TJ resistance R and
the cell layer capacitance C.. The total impedance is not linearly dependent on these parameters
due to the presence of the parallel basolateral resistor R, and the series resistor R,. To analyse the
effects of these parameters on the measured impedance, a sensitivity can be defined as:

_ 1 Z1kHz(Rc=10002) |=|Z1 k12 (Rc=00)|
Sy = |Z1kHz(Rc=100002)] (3.14)

The sensitivity of the measurement to variations in the cell layer depends on the values of the
basolateral resistance Ry, and on the apical resistance R, as shown in Figure 3-18. The highest
sensitivity is obtained when both the basolateral resistance R, and the current in the apical
compartment is maximum, i.e. R, is low. If the basolateral resistance is small most of the current
will flow in the channel and the impedance measurement will be independent of the resistance of
the cells. If the basolateral resistance is much higher than the culture resistance it will effectively
behave as an open circuit and the optimal condition is obtained.

The values for the impedance are constrained in the range [(R.//Rb), Rb]: the lower boundary is in
the absence of cells (Rc=0); the upper boundary is the ideal case with Rc—0o0.
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Figure 3-18 Sensitivity analysis Sgp for variation in culture resistance (from 0Q2 to 1000Q2) at 1 kHz:
the sensitivity is affected by the basolateral and apical resistance Ra. The values for
the impedance are constrained in the range [(Ra//Rb), Ro]. For small Rpand big R,, small
changes in the culture resistance can saturate all the measurement range. The
sensitivity is maximised for R;<<R.<<Rp.

Therefore, the electrode and system geometry needs to maximise the basolateral resistance with
minimum electrode polarisation effects. Electrode polarisation can be reduced by increasing the
size of the electrode or by increasing the specific area with surface treatments, for example by Pt
black coating. The geometrical parameters that affect the basolateral resistance are the reservoir
height (set to 100 um due to fabrication constrains) and the distance between the electrodes.

Figure 3-19 compares the original design of Sun et al. [66] with 4 new designs. The original design
consists of two concentric electrodes of radii Imm and 2mm, respectively. Design 1 has a pair of
electrodes and a disk inner electrode. Design 2 consists of 3 interdigitated straight electrodes. The
third design is formed of 2 large round electrodes and the fourth consists of two circular parallel
strips.

FEM analysis was used to numerically evaluate the electrical characteristics of these different
electrodes design (see Appendix for details). The percentage of the total current flowing through
the culture medium was used as an indicator of sensitivity. When the ratio is 100% all the current
flows through the cell layer and the sensitivity is maximum; if the ratio is 0% no current goes
through the cells. The numerical integrals for the current density were evaluated at the electrode
plane (z=0) and at the cell culture plane (support membrane) (z=0.1mm). Another way to assess the
sensitivity is to measure the basolateral resistance. Simulated values for different geometries were
calculated by dividing the applied potential by the numerical integral of the total current.
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Figure 3-19 Proposed new electrodes geometries. (a) Original concentric electrode design from
Sun et al.: dot radius=1mm, ring inner radius =2 mm, ring outer radius =3 mm.
(b) Concentric electrodes variation: dot radius=1mm, ring widths=0.8 mm
and 0.2 mm. (c) Interdigitated straight electrodes: width =0.5 mm, gap =1.3 mm.
(d) Round electrodes: curvature radii=2.5 mm and 1.9 mm. (e) Two parallel lines:
width = 1 mm, curvature radius = 2.5 mm and gap = 3 mm.

Simulation results are shown in Figure 3-20: there is a large variation in sensitivities for the different
designs. There is a correlation between the basolateral cell resistance and the sensitivity: the best
designs have the largest distance between the electrodes. The optimal design is Design 4, which
has a basolateral resistance of 6.7 kQ2 and sensitivity of 71.3 %. In comparison, the original
concentric electrode design has a basolateral resistance of 620 Q) and a sensitivity of 11.1 %. The
circular segment electrodes design is therefore significantly more sensitive to variations in the
electrical properties of the cell layer.
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Figure 3-20 Results of the FEM electric simulation of the electrodes design. There is a correlation
between the sensitivity and the basolateral cell resistance. The best design has
symmetrical circular segments one (Design 4) which has a sensitivity of 71.3% versus
11.1% with the original concentric electrodes design [66].

Another parameter that should be considered is the uniformity of the current across the tissue
construct. The best electrode design will create a uniform current density throughout all the tissue
construct. Figure 3-21 shows the current density distribution in the cell plane (z=0.1mm) for design
4 (a) and the original design of Sun et al. (b). The standard deviation of current density in the plane
is calculated as a measure of the uniformity. The resulting standard deviations are 6.28 A/m? (58%
of the mean) for the concentric electrodes design and 4.63 A/m? (59% of the mean) for design 4.

(A/m?)

Figure 3-21 Finite element simulations for two different electrodes geometries — (a) Design 4 and
(b) the original design of Sun et al.. The current density distribution in the cell plane
(z=0.1mm) is shown as a colour-map. Current density field lines are in white. The
standard deviation in the current density for Design 4 (4.63A/m?) is lower than for the
original design (6.28 A/m?).
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The performance of the new electrode design depends on the gap between the electrodes. To
determine the optimal gap, the ratio between current flowing through the cell layer and the total
current in the device was determined. Also the effects of the current density uniformity were
analysed. As shown in Figure 3-22, when the gap between the electrodes is decreased the
basolateral resistance decreases, resulting in a decreased sensitivity. On the other hand, when the
gap between the electrodes is decreased, the electrode area increases (for a given cell membrane
geometry), improving the current uniformity. The chosen gap is 3mm, resulting in 71.3% of the total
current flowing through the cell layers, with a current density standard variation of 4.63 A/m? (59%
of the mean).
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Figure 3-22 Effect of the gap between the electrodes for Design 4. As the gap is increased the
basolateral resistance is increased so that more of the current flows through the cells.
At the same time the electrode area decreases leading to a less uniform current
distribution.

3.25 Design 5: Insulating Septum

Itis possible to further increase the basolateral resistance of the system and therefore its sensitivity
by adding an insulating barrier between the electrodes. This insulating obstacle prevents current
from flowing through the basolateral compartment and forces the field lines to pass through the
cell layer as shown in Figure 3-23. If the height of the obstacle is equal to the height of the reservoir
spacer, no current can flow along the channel, R,—0c0 and the sensitivity is maximum. The current
uniformity across the culture is improved as well by this addition: for a 0.1mm insulating septum
the current density standard deviation is 3.41 A/m? (27% of the mean). The septum prevents the
medium from flowing through part of the membrane pores above it and reaching the cells,
therefore its effects on the viability of a long term culture must be assessed.
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Figure 3-23 Finite element simulations of electrodes geometries with an insulating spacer.
(a) Isometric view of the simulated system: electrodes are on the base of the
basolateral cylinder on top of which there a cylinder representing the cells and a
cylinder representing the apical compartment. (b,c,d) Effects of the gap between the
electrodes. Current density distribution is shown as colour-map and field lines are
shown in white. (b) 1 mm gap: the basolateral resistance is low and a large percentage
of the current flows under the membrane. (c) 3 mm gap: the basolateral resistance is
increased, the total current flowing through the system is decreased and the
percentage of the current flowing through the cells is increased. (d) 0.1 mm wide
insulating septum between the electrodes: the current can’t flow in the channel and is
forced through the culture. The basolateral resistance is the highest and the sensitivity
is maximum. The cell-plane current density standard deviation is decreased to
3.41 A/m?.
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33 Chapter summary

In this chapter, the device design process was analysed. Two main aspects were considered: the
microfluidics and the electrics. The channel shape diverges from the inlet to the culture chamber
to avoid stagnation point for air bubbles and to obtain a homogeneous velocity profile across the
culture chamber. The microfluidics flow was simulated with a finite element method. The flow rate
is higher than the values of interstitial flows reported in the literature to ensure that the oxygen
consumed by the cells is replenished. The backpressure on the culture support is negligible because
a small flow rate is used. A lid is used to seal the apical compartment to damp the effects of variation
in the outlet conditions (clogged tubing, different outlet height, droplet formation) which would
otherwise cause a time-varying pressure in the apical compartment, disrupting the culture.

In the electric section an equivalent electric circuit was used to model the device. This analysis was
important to guide the design of the planar electrodes. First, a typical experimental impedance
spectrum of epithelial cells was used to determine which equivalent circuit fitted the data points
best. A set of circuits was created starting from Sun et. al. [66] and changing the number of
parameters. The Akaike Information Criterion was used as the metric to determine the goodness of
the non-linear complex fits. The impedance spectrum was best described by a model with 6
parameters (2 to describe electrodes polarisation, 2 to describe the tissue construct and 2 to
describe the resistive paths through the medium).

The final model was used to simulate the effects of each parameter on the total impedance.
Variations in the cell culture resistance were found to increase the impedance magnitude at low
frequency while leaving the high frequency values unaltered. This trend can be explained
considering the frequency dependent electrical shielding of the cytoplasm offered by the capacitive
cellular membrane: at low frequencies the membrane is an open circuit and the current follows a
paracellular path and is thus affected by the paracellular resistance, while at high frequencies the
membrane is an open circuit and the current follows a transcellular pathway and is independent
from the paracellular resistance. This frequency-dependent effects of the cellular resistance on the
total impedance was also observed in the evolution of the phase angle, where a trough in phase
occurs, which becomes more pronounced as the tissue resistance increases. The simulated growth
obtained with the selected equivalent electric circuit closely followed the experimental curves.

The effects of geometrical parameters on the total impedance were simulated and used to optimize
the electrodes design. It was found that the basolateral resistance should be maximum and the
apical resistance minimum in order to maximize the sensitivity of the measurement, and the
measured impedance is constrained in the range [(R.//Rb), Ro]. Basolateral resistance values were
used to compare different electrodes designs. In the best design the electrodes have circular
segment shapes and are separated by a gap. This design has a basolateral resistance 10 times bigger
than the electrodes design reported by Sun et. al. [66]. The homogeneity of the current flowing
through the cell construct are similar for the two designs. The effects of varying the gap between
the circular segment electrodes was considered, and a 3mm gap gave the best compromise
between sensitivity and current homogeneity.

Finally, an approach to increase the sensitivity of the measurement was introduced. This method
consisted in inserting an insulating septum between the electrodes, thus setting the theoretical
basolateral resistance to infinity. In a finite element method simulation, this approach over-
performed the other designs in both sensitivity and current homogeneity.
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Chapter 4: Methods

In this chapter the methods used in this thesis are discussed. First, the fabrication steps used to
manufacture the microfluidic chip, then the experimental setup and the auxiliary machines
required to operate the device and lastly the biological procedures for tissue culture are described.

4.1 Organ-on-chip fabrication

To impact on the drug research industry, the system throughput must be high. One way to increase
the throughput is to use many devices in parallel at once, but the cost and production time of each
one of them must be minimised. Some of the fabrication steps used to manufacture the device are
already optimised for mass manufacturing, whereas others are still at the prototype scale. These
methods are presented in this chapter, and for the latter the intended way to scale each step is
presented together with the current production method. Detailed fabrication recipes of each step
are described in Appendix C.

4.1.1 Clean-room processes

All the processes in this section are carried out in the Southampton University Nanofabrication
Centre. They are performed on a 6 inch (15 cm) glass wafer to maximize the number of devices
manufactured at once (76 chips can fit on a single wafer). A week is required to completely perform
all the process steps on a wafer. A schematic of the clean-room fabrication steps is shown in Figure
4-1.

Electrode Patterning

The first manufacturing step consists in patterning the electrodes. A section of a photolithography
mask for the electrodes for a single chip is shown in Figure 4-2. The final design consists of two
circular segment electrodes to monitor cell culture electrical properties and two straight electrodes
to measure the conductivity of the fluid in the channel. Each electrode has a track that connects it
to the contact pins that will be buried under photoresist during the channel patterning. The material
of choice for the electrodes is Platinum because of its high stability and biocompatibility. After the
deposition of an adhesion promoting layer of Titanium (5 nm), a thin layer (=100 nm) of Pt is
deposited by sputtering using a Leybold Helios evaporator. Standard photolithography is performed
to etch the platinum into the desired pattern: a positive photoresist (51813) is spun on top of the
wafer and then exposed to UV light under a mask. The photoresist degrades where the mask lets
the light through and remains unaffected elsewhere. The wafer is then developed with a solvent
that removes the degraded photoresist but not the unexposed one. The wafer is then etched using
a reactive ion beam (lonFab machine): the exposed platinum is physically removed by the beam
where there is no photoresist, whereas it is shielded and preserved by the photoresist elsewhere.
A final cleaning step is used to strip the residual photoresist from the wafer. The resulting wafer
after electrode patterning is shown in Figure 4-3.

Microfluidic Channel

After the electrodes were patterned, the microfluidic channel is defined. An adhesion promoter (Ti
primer) is spun onto the wafer and the microchannel patterned from two sheets of 55 um thick
negative photoresist (TMMF®) laminated onto the wafer to obtain a channel height of =100 pum.
To prevent the films detaching from the glass an adhesion promoter is used to improve the bonding.
Photolithography is performed and the wafer is developed. The cross-linked photoresist which is
left on the wafer is not cytotoxic and is used as the microfluidic channel for the culture media. A
unit of the photolithography mask representing a single chip is shown in Figure 4-4.
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Figure 4-1 Clean-room steps of the fabrication process: Platinum is sputtered over the surface of
a 6" glass wafer. Positive photoresist is spun on top of the wafer and photolithography
is performed. The wafer is cleaned and exposed to the etching ion beam that removes
all the metal not covered by photoresist. After cleaning, a negative photoresist is
laminated on top of the wafer and photolithography is performed: only the exposed
areas of the photoresist will be cross-linked and will not be removed the development.
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Figure 4-2 Diagram showing electrode design for a single chip. The crosses around the design are
used as reference marks for the alignment with the other mask.
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Figure 4-3 6" glass wafer after patterning the electrodes. 78 chips are present on each wafer.
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Figure 4-4  Single microfluidic channel unit of the photolithography mask. The alignment marks
are complementary to the electrodes mask. The mask has been inverted because a
negative photoresist is used to pattern the channel.

4.1.2 Laboratory processes

After the wafer is processed, it is diced into individual chips using a scriber. The resulting chips are
ready to be processed in the laboratory. The remaining fabrication steps are performed in the
Centre for Hybrid Biodevices in the order shown in Figure 4-5. First, the electrodes are
electrochemically coated to improve their performances, then the culture chamber is fabricated.
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Figure 4-5 Laboratory steps of the fabrication process: Platinum black is electrochemically
deposited on the electrodes. Inlet, outlet and culture chamber are ablated in a PMMA
sheet using a CO; laser. Tubing are push-fit in the inlet and outlet and the chimney is
glued on the assembly. A PET membrane is glued on the bottom of the PMMA and
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everything is glued to the chip.

Electrochemical deposition of platinum black

Platinum electrodes are nearly ideally polarizable electrodes, i.e. no Faradaic current can flow
through them. This phenomenon completely controls the measured impedance at low frequencies
(<100 Hz). To maximise the electrode capacitance, it is necessary to increase the electrode area.
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The electrode footprint is fixed by size constrains, therefore the surface area is the only parameter
that can be increased. To achieve this, a layer of platinum black is electrochemically deposited on
top of the bright platinum electrodes [105]. Black platinum is highly nanostructured and thus has a
high specific surface area. To perform the deposition, the platinum electrode to be coated and a
platinum counter-electrode are immersed in a solution of Chloro-platinic acid and Lead-
acetate (ll) trihydrate (1 g and 8 g in 30 ml of de-ionized water to obtain concentration of 80 mM
or 0.7 M, respectively). When an electric potential is applied between the electrodes (3.5 V for
210 seconds), lead imperfections act as nucleation sites on the bright platinum for the black
platinum crystals to grow. The amount of platinum deposited on the electrodes depends on the
total amount of current flowing through the electrolytic cell. Therefore, it is important that the
distance between each electrode and the counter-electrode is the same to minimise non-
uniformities in the final layer. The resulting chip is shown in Figure 4-6.

Figure 4-6 Chip after manufacturing. The TMMF defining the microfluidic channel is yellow, the
sensing parts of the electrodes are black (coated) and the contacts are grey (uncoated).
A one Euro coin is used as reference for dimensions.

Culture chamber fabrication

The bulk chip fabrication is performed in parallel to the glass chip fabrication. The function of this
part of the device is to allocate the cell culture, the fluidic connectors, and to act as a structural
support for the system. The material of choice for this part of the device is PolyMethylMethAcrylate
(PMMA) for its cytocompatibility, low cost and ease of manufacturability. Cast sheets of PMMA
were bought from TechSoft UK Ltd. 10 mm thick PMMA sheets are cut using CO; laser ablation. In
laser ablation a CO; laser mounted on a xy-stage melts the underlying polymer along a 2D pattern.
For thin substrates (1-2 mm) this technique is quick and accurate, but it loses resolution for higher
thicknesses (>10mm) where the higher power warps the desired patterns because of localised
heating. Given that the culture chamber diameter is 5 mm, to obtain an apical compartment of 200
wl of liquid and 200 ul of trapped air (as considered in the gas consumption model presented in
Section 3.1.5) a 20 mm height is required. Therefore, 2 identical 10 mm thick PMMA pieces were
etched and glued together to obtain the final device. The outer edges of the chip as well as the
inlet, outlet and culture chamber through-holes are etched during the ablation process (Figure 4-7).
The time required to cut all the features is about 30 seconds/piece.
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Figure 4-7 3D model of the PMMA unit. The inlet, outlet and cell culture chamber are ablated
from a PMMA sheet using a CO; laser. Two 10 mm thick pieces are stacked together to
obtain the final thickness.

Injection moulding

The industrial standard for mass manufacturing small polymeric parts is injection moulding. A
thermoplastic polymer is heated above its glass transition temperature and pushed into a metallic
mould where it is forced to assume a certain shape before cooling down. When cold, the part is
removed and the cycle repeated. Moulds can be reused for millions of cycles and are the main cost
associated with the process. They are usually made of aluminium, a workable material with medium
cost and medium durability suitable for medium-sized production or steel, a hard material with high
costs and high durability suitable for large volume production. Precautions needs to be taken to
ensure uniformity across the manufactured pieces, because during the cooling step polymers tend
to shrink and bend. Some guidelines for the mould design are:

= Avoid thick walls to prevent long cooling times.

=  Adopt uniform wall thickness to prevent bending induced by differential cooling.
=  Avoid sharp corners to prevent warping.

= Apply a draft angle to walls to facilitate mould release.

= Connect isolated part with bosses to reinforce them and prevent warping.

The PMMA part was redesigned according to these guidelines and models for the mould and the
final device are shown in Figure 4-8.
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Figure 4-8 Injection moulding 3D models. (Top) 3D model of the device. Fillets and a draft angle
are introduced for easier moulding. (Bottom) Model of the aluminium mould. The
mould was kindly designed by Dr.Richard Alexander of Deakin University, Australia.

Culture support

In the device, cells are cultured on top of a membrane support which is suspended above the
microfluidic channel. Several materials have been used in the literature to manufacture such
supports. These include ceramic  (Anopore™  [106], Silicon Nitride [107]),
PolyEthyleneTherephtalated (Cyclopore™ [108], Transwell®) and PolyCarbonate (Nucleopore™
[109]). PolyEthylene-Therephtalated PET is the material of choice as this is the same material used
in the commercial Transwell® system. The support needs to be porous in order for nutrients to
diffuse from the microfluidic channel to the tissue construct. The higher the number of pores in the
support the more homogeneous the nutrients distribution is across the culture. One technology to
manufacture holes through a polymer is track-etching. This is a two-step process:

1. In the first step an energetic beam of heavy ions is shot at the polymer: the ions damage
the polymeric chains as they pass through making them unstable.

2. Inthe second step the polymer is immersed in a chemical bath which etches the damaged
chains but leaves the others unscathed.

The main advantage of this technique is the excellent degree of control of pore size, pore density
and pore straightness [110]. For this project, hydrophilic PET track-etched membranes sheets were
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purchased from itdip S.A. (Louvain-la-Neuve, Belgium), a company specialised in track-etched
membranes, with the parameters reported in Table 2. The membranes were cut to size with a
scalpel.

Table 2 Parameters of the track-etched support

PARAMETER VALUE
Thickness 12 pm

Pore size 400 nm

Pore density 108 holes/cm?
Porosity 3%

Material PET

Surface Hydrophilic
Colour Translucent

The apical compartment of the cell culture chip needs to be sealed to obtain a stable liquid
meniscus, but there is also the requirement for an open access apical compartment that provides
access for chemical stimulation and replacement of the medium. A removable lid addresses both
these goals. A small metal ‘chimney’ compatible with disposable PDMS punched lids was added to
the apical compartment as shown in Figure 4-9. This stainless steel chimney allows for easy
application and removal of the lid, while granting a tight seal while the lid is in place. PDMS is gas
permeable, but a 4 mm thick layer blocks gas permeation (in order to retain the pressure). In future
injection moulded version of the design, the chimney for the lid will be integrated into the plastic.

10 mm

9 mm

S T

Figure 4-9 Metal chimney for the PDMS lid. A 10 mm long, 3 mm diameter stainless steel pin is
glued into a 1 mm thick PMMA part in correspondence to the cell culture chamber.
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Tubing

The device is connected to a pump with bubble trap and to a sample collection reservoir using PTFE
tubing with inner diameter equal to 1/32” (=0.8 mm) and outer diameter equal to 1/16” (1.6 mm)
purchased from Cole-Parmer UK. Tubes are push-fit into the chips and are connected to the other
components with Omni-Lok™ polypropylene (PP) connectors.

Bonding
Gluing the nanoporous support to the PMMA and chip is currently the rate limiting manufacturing
step (requiring about one hour/chip). This process could be improved by implementing a wafer-
scale gluing process or by adopting a different bonding technology. The bonding process is critical
because:

— Three different materials (PET, PMMA and TMMF®) are bonded together.

— The nanoporous support must be flat and stretched after bonding.

— The bond must be able to maintain structural strength for 30 days at 37°C and 95%
humidity (incubator).

— There must be no residuals that could harm the cells.

Several methods for bonding thermoplastic materials were examined [111].

Adhesive bonding

A common way to bond together parts of a microfluidic device is gluing. The glue must have
chemical affinity for all components if different materials are bonded. A preliminary test on glues
was performed to assess their cytocompatibility. The epithelial cell line, 16HBE were grown on the
bottom of a standard cell culture well in the presence of the adhesive and their morphology
examined. The results are shown in Figure 4-10. Morphologies of cells in contact with 3M double-
sided tape, NOA81® and RS silicone rubber were similar to the control well; whereas Araldite
2-components epoxy, Loctite 435®, NOA61® and NOA65® induced cell death. In light of these
experiment NOA81® was chosen to manufacture the device because of its low viscosity when liquid
and its good strength when hardened. Norland Optical Adhesive 81 (NOA81®) is a UV glue that
cures in seconds and whose use is widely reported [112, 113, 114].

a) CONTROL b) 3M 2-SIDED TAPE c) NOA81 d) RS SILICONE RUBBER
e) LOCTITE 435 f) NOA 61 g) NOA 65 h) ARALDITE EPOXY 2-C

Figure 4-10 Glue cytocompatibility test. 16HBE were cultured on the bottom of a well plate. From
a morphological analysis the 3M double-sided tape (b), NOA81 (c) and RS silicone
rubber (d) were judged compatible, whereas Loctite 435 (e), NOA61 (f), NOA65 (g) and
Araldite 2-components epoxy (h) were not compatible.
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The glue dispensing process is critical since the culture area of the nanoporous support and the
channel must be absolutely glue-free to prevent clogging. A procedure similar to the one reported
by Lu et al. [115] was adopted to obtain a localised and accurate dispensing and shown in Figure
4-11. First, the chip, membrane and PMMA are aligned on top of each other. Then the glue is
dispensed on one side of the system. Due to capillary action the low viscosity glue wicks into the
nanopores and in the small gaps between the components. Then the chip is exposed to UV light
hardening the glue. If the dispensing is carefully performed the glue will not wick into the channel
due to the abrupt reduction of capillary forces.

1) 2) 3)
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Figure 4-11 Gluing process. (1-2) The UV glue is dispensed on one side of the sandwich formed by
the TMMF chip, PET membrane and PMMA part. (3) The low viscosity glue wicks into
the small spacing between the components and inside the membrane pores due to
capillary action. (4) The glue hardens after UV light exposure. (5-6) Additional glue is
dispensed on the side and cured.

A weakening of the mechanical properties of the NOA81 was observed after a few days in the
incubator which led to delamination of the device. To obtain a stronger device, another gluing step
was added to the protocol. After the glue in the channel was dispensed and cured, more glue was
added to the sides of the device and cured. The glass, the TMMF, the membrane and the PMMA
part are strengthened by this additional gluing step. While in the first step the amount of glue
dispensed must be accurately controlled to prevent channel blocking, in the second step excess
glue can be used because there is no path available for the liquid glue to reach the channel. This
process is currently performed manually one device at time. When performed by an experienced
user the process yield is about 75%. The final assembled device is shown in Figure 4-12. The
extension to wafer-scale gluing seems difficult to achieve, therefore alternative processes for mass
manufacturing were analysed.
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Figure 4-12 Assembled device. A PET membrane is sandwiched between the chip and the laser-cut
PMMA piece. PTFE tubes are push-fitted inside the PMMA part. A metal chimney is
added to allow apical stimulation and a PDMS lid is used to seal the system.

Alternative fabrication methods:
As mentioned above, alternative methods for device fabrication were investigated but not
performed as part for this PhD thesis. These included the following:

1. Off stoichiometry thiol-ene (OSTE)

Off stoichiometry thiol-ene(OSTE) is a class polymeric components which has recently been
developed in Stockholm at KTH Royal Institute of Technology. Two versions of the material are
available on the market.

The first is a two liquid component mixture: one component has free thiols groups (the S-H bond)
whereas the other has free allyl groups (R-C-CH-C;). When this mixture is exposed to UV light in the
presence of a photoinitiator, a cascade reaction occurs leading to solidification of the material in a
short period of time (1-2 minutes). If the ratio between the two mixtures is stoichiometric, all the
groups will react between them. If an off-stoichiometric ratio is adopted, some unreacted groups
(with the quality and the quantity depending on the off-stoichiometry) will remain in the material
and the surface will be easily functionalizable. The basic application is to mould a part of a device
with a thiol excess (e.g. a microfluidic channel) and another one with allyl excess (e.g. the ceiling of
the channel): the contact between the two parts will lead to a very fast bond. Many advanced
features have been obtained with this technology, such as: tunable Young's modulus, tunable
wetting properties, hydrophobic stops, integrated microfluidic connectors and pneumatic valves
[116].

The second commercially available product is referred to as OSTE+ and is an upgraded version of
the material featuring the addition of a third component with free epoxy groups to the mixture.
This material works with a ratio of 1:2:1 of allyl:thiol:epoxy respectively. After mixing the material
is liquid, and when exposed to UV light all the allyl groups will react with the thiols according to the
previous reaction, leading to a soft solid material (Young's modulus comparable to PDMS). The
thiols and epoxys will then react together after heating in a second curing step, leading to a fully
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reacted solid network, as shown in Figure 4-13. The addition of the epoxy groups allows the material
to bond to a wide range of substrates after the first curing step when the epoxys have not reacted
yet. After the second curing step no groups are left unreacted, thus the presence of leachables is
negligible leading to almost no cytotoxicity [117]. This material was not used due to difficulties in
maintaining a clean membrane during the manufacturing process.

2. Chemical gluing

Chemical gluing is the process of bonding two heterogeneous polymers together by functionalising
one substrate with ammine-terminated groups and the other with epoxy-terminated groups, as
shown in Figure 4-13 [118, 119]. This process was tested to bond the nanoporous PET membrane
to a PDMS block featuring an embedded microchannel. To this aim, both components were cleaned
in deionized water and exposed to oxygen plasma to activate the surfaces and then functionalized
in a 3-Aminopropyltriethoxysilane (APTES) or a 3-Glycidoxypropyltriethoxysilane (GPTES) bath,
respectively for the PDMS block and the PET membrane. After application of a small compression
force at room temperature, the process resulted in a strong bond between the two components.
This process was not adopted due to difficulties in ensuring a conformal contact between the
membrane and its seat during the bonding, leading to wrinkles and areas not bonded in the
membrane which caused leakages during the experiments.

3. Thermal bonding

The structure of thermoplastic polymers can be modelled as a ‘spaghetti-like’ groove of chains.
Weak inter-chains bonds control their relative mobility. When the temperature is increased, chains
are less linked together and the material is less stiff. If the temperature is raised over a threshold
(glass transition temperature, Tg) the polymer undergoes significant weakening. If two
thermoplastic polymers are brought into contact, pressure applied and the temperature raised
above both glass transition temperatures, it is possible for the chains to diffuse from one material
to the other [111], thus creating a bond. Different methods have been reported to achieve a greater
degree of control of the bonding, such as using high temperatures and low pressures [120] or high
pressures and temperatures below the glass transition temperature [121]. The proposed
manufacturing process for the device is to clamp the wafer together with a sheet of PET membrane
(Tg=80°C) and a wafer-sized PMMA block (Tg=105°C). This is inserted into a hot-press at temperature
higher than the Tgs (=120°C) for sufficient time. This should be sufficient to ensure a good bonding
of the system without sustained membrane modification.

4. Acoustic welding

In acoustic bonding heating is induced by acoustic means and thermal bond is obtained in localised
regions [122, 123]. The process is shown in Figure 4-13. The machine is formed from a static base
and a movable head: after the pieces are inserted, the head is brought into contact with the upper
part and starts vibrating up and down at ultrasonic frequencies. These repeated movements
generate friction in the contact spots between the parts. If the contacts spots are small enough, the
heat generated can locally melt the polymer leading to bonding. In order to use this kind of
technology, the pieces must be designed to have stress intensification regions. The protocol must
also be optimised to obtain a wafer-scale process and to ensure that the PET membrane remains
flat.
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Figure 4-13 Alternative bonding technique. a OSTE+ dual cure polymer chemical reaction scheme
[117]. b) APTES/GPTES chemical reaction scheme [119]. c) Ultrasonic bonding process
from Trackenmuller et al. [122].
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4.1.3 Static custom systems

Cells cultured in the device live in a constant perfusion regime which may affect the way they grow.
Therefore, control systems are needed to rule out possible differences induced by the device or by
the measurement before performing a direct comparison between microfluidic and Transwell®
cultures.

Static support

The effects of the device structure and materials on the cell growth were assessed using custom
static supports directly comparable to a commercial Transwell®, manufactured as shown in Figure
4-14. They are formed from the same PMMA and PET membrane glued together, but instead of the
electrode chips they are equipped with two PMMA spacers that maintain the cell culture at a fixed
distance from the base. This spacing is similar to the Transwell® system. These supports fit into a
standard 24-well plate and the cell barrier impedance can be measured with standard chopstick
electrodes.

GLUE = FMMA

\ 10 mm

PET OO0 00000000000ooOOoooOoooooo i

SUPPORT / 1 mm

Figure 4-14 Custom support for the static culture of epithelia. A PET membrane is glued between
a 10 mm thick PMMA ring that defines the cell culture chamber and two 1 mm thick
PMMA supports that define the basolateral compartment.

Transwell® EIS measuring platform

Cells grown on Transwell® systems are considered the gold standard. Growing cells on these
systems is relatively easy and reliable compared to the microfluidic system. It is useful to have a
simple platform to perform electrical impedance spectroscopy on cells grown on Transwell®
systems. This platform can be used to:

e Easily test and compare different electrodes design.
e Analyse the effects of variation in the measuring setup.
e Obtain preliminary measurements when a new type of cells is adopted.

Two measuring platforms were manufactured.
1. Electrodes with reservoir
Some of chips were not used to create a full device but as part of the measuring systems as shown

in Figure 4-15. For the measurement, a drop of medium is placed on top of the electrodes and the
Transwell® is carefully placed on top of the chip.
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Figure 4-15 3D model of the Transwell® EIS measuring platform. The photoresist on the chip acts
as a spacer for the Transwell®. A drop of medium is placed on top of the electrodes to
perform the measurement.

2. Electrodes with insulating septum

This platform was used to analyse the effects of an insulating septum between the electrodes. To
manufacture this platform the TMMF microfluidic channel is removed from a chip. A 4 mm thick
PDMS sheet is cast and two 2mm holes are punched through. The two parts are then cleaned,
activated with oxygen plasma for 30 seconds, aligned and bonded. The holes correspond to the
platinum electrodes in the chip as shown in Figure 4-16. The holes are filled with liquid and the
Transwell® is carefully placed on top of the PDMS to perform the measurement.

TRANSWELL® |
APICAL
COMPARTMENT
EPITHELIAL
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SUPPORT ] COMPARTMENT
INSULATING pr— | [ ELECTRODES
SEPTUM |

Figure 4-16 Transwell measuring platform with integrated insulating septum. Two 2mm holes are
punched through the septum on top of the electrodes and filled with liquid (blue dye
in the figure).
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4.2 Experimental Setup

In this section are analysed the auxiliary components required by the chip to function. The device
needs to be inserted into a setup that:

1) Provides a well-regulated medium flow. The setup must control flow rate, temperature
and air bubbles of the medium.
2) Performs automated impedance measurements over time on the tissue.

A schematic diagram of the setup is shown in Figure 4-17. A 20 ml syringe is loaded onto a syringe
pump. The pump is connected to a 3-way valve which is able to open each port independently. One
outlet of the valve is connected to the waste collection, while the other feeds into a bubble trap.
The bubble trap has one outlet on the top-side which is connected to the waste collection and one
outlet on the lateral side which is connected to the device. Each outlet from the bubble trap has
an in-line shut-off valve. The outlet from the device feeds into a collection tank. The electrodes of
each device slide into a push-fit connector. The device is connected to a multiplexer which switches
the channels for the impedance analyser measurement. The multiplexer is controlled by a data
acquisition card and is powered by a portable power supply. The syringe pump, valves, bubble trap,
device and collection tank are placed inside an incubator, whereas all the other components are
place above or below it as shown in Figure 4-18. Before an experiment, all the microfluidic
equipment is sterilised. After sterilisation, all tubings are connected and the system is primed with
cell growth medium. After the bubble trap is filled, the device is connected and primed until stable
flow conditions are reached. Successively, the electrodes are connected with the impedance
analyser and an impedance measurement of the device without cells is performed. After the system
has reached steady flow conditions (~15 min) cells are suspended and seeded. Impedance spectra
are measured every hour until the cells become polarised.
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Figure 4-17 Schematics of the complete experimental setup. Fluid flows are shown as full lines;
electric signals are shown as dashed lines. Inside the incubator the syringe pump
actuator pushes the liquid and a trap removes air bubbles from the flow. Two tanks
collect the waste and the sample. Outside the incubator a laptop controls a multiplexer
and the impedance analyser.
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Figure 4-18 Picture of the experimental setup. (Top) View of the outside of the incubator. The
laptop, the pump controller, the multiplexer and the power supply are placed on top
of the incubator while the bulky impedance analyser is placed below. The data cable
goes from the inside to the outside through the front door. (Bottom) View of the inside
of the incubator. The syringe pump actuator is placed on the back of the top tray at an
angle. A custom PMMA support is used to host the remaining setup. The pump cable
goes from the inside to the outside through a hole in the back of the incubator.

4.2.1 Fluidic Components

Incubator

The incubator Function Line from Thermo Scientific is used to regulate the environmental
parameters to physiological levels. Cells are kept at 37°C and 5% CO.. To obtain a relative humidity
of about 95%, autoclaved water is inserted in the incubator and replenished every few weeks. The
incubator has a hole on the back to allow for the passage of electric cables.

Syringe Pump

The syringe pump (PHD2000 from Harvard Apparatus) was kindly donated by the Asthma Allergy &
Inflammation Research charity. It can run up to 10 syringes in parallel with a minimum flow rate of
0.1nl/hr (using a 0.5 pl syringe). The control unit is placed outside the incubator and the actuator is
placed inside. To minimize the amount of air bubbles in the system, the actuator unit is placed in
the incubator at a small angle so that the buoyant bubbles accumulate at the top of the syringe.

Bubble Trap
Air bubbles are a common issue affecting the reliability of cell culture microfluidic devices [124].
The most common causes for the presence of air bubbles are:

- Incomplete filling of the system during priming.
- Inclusion during connections.
- Formation due solubility difference induced by temperature variations.

If an air bubble reaches the culture chamber it has two main adverse effects: if the bubble is
underneath the nanoporous support it will block nutrient diffusion causing stress and eventually
inducing death of some tissue areas; a bubble on top of an electrode will prevent the passage of
current and completely disrupt the system impedance measurement. For these reasons, a bubble
trap is inserted in the setup near the chip to prevent bubbles from reaching the microfluidic
channel.

The working principle of the bubble trap is described in Figure 4-19. The trap has two outlets, one
on the top to waste and one on the bottom to the microfluidic device. A shut-off valve is placed in
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each line. The trap is first filled with medium: the bottom valve is closed, the top one is opened,
and liquid is pumped through. When the chamber is completely filled, the top valve is closed and
the trap is ready for operation. If there is a bubble in the inlet it will be trapped in the chamber due
to higher buoyancy compared to the liquid. The trap chamber dimensions are 5 mm x 5 mm x 40
mm with a total volume of 1 ml. The volume is designed to be sufficient to ensure the removal of
all the bubbles formed during a week; after this time the trap needs to be refilled. The residence
time is the average amount of time spent by the fluid in the chamber, and can be computed as:

V 1ml

= _.33h
0~ 30ul/hr 4

Tres =

the higher the residence time and the more time bubble have to be trapped, improving the
efficiency of this gravity-based trap. The bubble trap was manufactured using laser-cut PMMA
glued with a solvent welding process which leaves no residuals after solvent evaporation.
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Figure 4-19 Working principle of the custom bubble trap. First the trap is filled with medium. During
operation the valve to the waste is shut. When a bubble is present in the inlet medium
it will move up because it has higher buoyancy and it will be trapped.

Sample collection

The liquid at the outlet of the device carries molecular targets that are important markers of cellular
activity. Currently, the outlet medium is collected in a reservoir, but it might be of interest to collect
fractions in a time-resolved manner for off-chip analysis as reported by Blume et al. [125, 126]. The
main goal of the process is to separate different fractions and prevent diffusion of proteins between
them. In this way, a fraction of the basolateral medium carries information regarding protein
production rates and tissue permeability over time. While Blume et al. used a mechanical fraction
collector as a way to prevent inter-fraction diffusion, another method could be to use phase
immiscibility by intercalating a droplet of oil between the fractions. Similar processes have been
developed in different applications [127]. Practically, this method consists of connecting the outlet
of the device together with a fluorinated oil-phase to a T-junction to create a plug-flow. Compared
to a robotic stage used by Blume et al. this method appeal lies in its simple setup (only an additional
T-junction and syringe required).
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4.2.2 Electronic Components

Several electronic components are needed to measure the impedance. The signal is generated,
routed, acquired and measured. The components used in the setup and their connections are
described in this section.

Impedance Analyser

The impedance analyser is a machine able to measure the impedance between two ports in a wide
range of frequencies. The used impedance analyser is an Alpha-A (Novocontrol Technologies) which
is able to operate in the frequency range 10” - 10’ Hz with an impedance magnitude accuracy of
+0.01% and a phase angle accuracy of £0.06° [128].

Multiplexer

A custom designed multiplexing circuit was used to switch the impedance analyser to different
devices running in parallel. The PCB shown in Figure 4-20 was designed using DesignSpark PCB (RS
components) and was fabricated by Newbury Electronics. The multiplexer is an ADG726, which is a
dual 16 to 1 channel with a typical transition time of 23 ns [129]. The multiplexer can switch one of
the S1-S16 pins to the output A and the corresponding S17-S32 pin to output B. In the setup pins
S1-16 are the left pins of each pair of electrodes and pins 17-32 are the right ones. The pair routed
to the output is controlled by the multiplexer. The multiplexer has 9 control pins: AQ, A1, A2, A3,
CSA, CSB, WR, EN, GR. Of those, 4 (A0-A3) are used to select the channel, 1 (GR) is the ground, 1
(EN) puts the multiplexer in a safe state and 3 are left un-used. The control signals are provided by
a Data Acquisition Card (National Instrument) which is controlled by the computer. Ferrite inductors
are placed between the control pins and the multiplexer to cancel high frequency noise. The
multiplexer is powered by an external power supply with voltage regulators of +2.5V and -2.5V
between the power pins and the multiplexer.
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Figure 4-20 Custom multiplexing PCB. (Top) Electric Circuit. The multiplexer MUX (ADG726) is
powered by 2 voltage regulator (VR+, VR-) and controlled by the digital signals CTRL
from the NI-DAQ. The multiplexer switches the different imputs IN1-IN2 to output OUT
1 and IN3-IN4 to OUT 2 respectively. Capacitors C1-C2 and inductors L1-L8 are inserted
in the circuit to filter external noise. (Bottom) Picture of the manufactured PCB.

Electronic connections

The diagram of the connections in the setup is shown in Figure 4-21. Spring-loaded connectors
(SAMTEC) are used to contact each chip. These connectors have five 1mm-wide gold-coated pins
underneath allowing a single chip to slide in. When the chip is inserted the spring is under slight
compression, ensuring a good electric contact. A jack connector is used to connect the system
inside the incubator. Signal cables are connected to a 37-pin serial cable, with a single cable from
the inside to the outside of the incubator. The impedance analyser is connected to the multiplexing
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board with 2 coaxial cables and to the computer with a USB cable. Connections from the multiplexer
to the power supply and the NI-DAQ are made with individual wires.
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Figure 4-21 Connection diagram. Chips are contacted with SEl-series single piece interface
connectors (Samtec). Each chip electrode pair is connected to a jack connector so it
can be removed independently. All the wires are routed to a single serial 37-pin cable.

Computer Software

A computer controls both the impedance analyser and the multiplexing board. WinDETA is the
proprietary software provided by the manufacturer of the Alpha-A impedance analyser to run the
machine. It allows for measurement and real time plotting and customisation of frequency range,
applied voltage and time points. The multiplexer was controlled using a custom Matlab script. The
two software could not be merged and are run separately. The greatest inconvenience in running
two different software to control the system is timing. There is no absolute time and the software
need to be launched at the same time to ensure that they are in sync.
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4.3 Tissue Cell Culture

In this section, the biological procedures used during the continuous culture of cells and during the
experiments are discussed. All the cell culture was performed in the Brooke Laboratory within the
Academic Unit of Clinical and Experimental Sciences (CES), Faculty of Medicine, University of
Southampton at the University Hospital Southampton.

4.3.1 Tissue Models

Airway-derived epithelia were used for this study because they can be cultured submerged or at an
ALl and form a physical barrier, thus being the best test subject for the new measuring system. Two
different sources of bronchial epithelial cells were analysed using the device: an immortalised
epithelial cell line (16HBE1l40-) and PBECs derived from volunteers undergoing fiberoptic
bronchoscopy. Compared to the primary cell culture, the cell line is less physiologically relevant but
easier and faster to culture to a polarised epithelial barrier and it was therefore used as a
preliminary experimental subject.

Human epithelial cell line (16-HBE140-)

The main cell line used in this study was the human bronchial epithelial cell line 16-HBE14o-
(16HBE). This cell line was immortalised using SV40 T-antigen from a 1 year old heart-lung patient
and was originally described by Prof. Gruenert, UCSF, USA [130]. These cells are about 20 um wide.
When grown on collagen-coated nanoporous membrane filters these cells retain important
epithelial cell morphology including the ability to form TJs polarised on the apical surface [131]. This
cell line is commonly used to study several aspects of BEC biology including drug transport [132],
gene delivery [133] and membrane channels activity [134]. This cell line develops TJs submerged
and, once established, can maintain them at the ALI [131].

Primary human bronchial epithelial cells (PBECs)

Primary bronchial epithelial cells (BECs) were obtained as part of the EVITA/Merck study (study
#888), approved by the Southampton and South West Research Ethics Committee (REC No.
09/H0504/109). All donor samples were obtained following written informed consent and were
anonymised with a donor code. They were obtained by outgrowth from bronchial brushings
harvested using fiberoptic bronchoscopy. The 4 cultures of primary cells used in this study were
derived from to 2 asthmatic and 2 healthy donors. The cells were kindly prepared and seeded on
Transwells® by the two Brooke Laboratory technicians, Dr. Natalie P. Smithers and Dr.Rob A. Ridley.

4.3.2 Cell culture

Continuous culture of the epithelial cell line (16-HBE140-, 16HBE)

A previously cryopreserved frozen cell stock was thawed by pipetting pre-warmed cell culture
medium (MEM+L-glut, 10%FBS + penicillin/streptomycin) into a cryovial and transferring into a
falcon tube containing cell culture medium (10 ml). Cells were sedimented by centrifugation
(300 x g, 5 min), the cell-free supernatant removed and the cells pellets resuspended in cell culture
medium (10ml) and cultured in a T75cm? flask in a humidified atmosphere at 37°C, 5% CO,. Cell
culture medium was replaced every 2 days until 70-80% confluency was reached, after which cells
were ready for subculturing.

Subculture of 16-HBE cells on filter supports

During subculture, the medium was removed and the flask was washed with a salt solution (HBSS
without calcium and magnesium ions) to remove dead cells and residual proteins. The adherent
culture of 16HBEs was detached from the surface of the flask with trypsin in ethylene-diamine-
tetraacetic acid (EDTA) (1x 1 ml, 37°C, 10 min). After the cells detached, the residual trypsin is
neutralised with fresh medium (10 ml) and the cell solution was transferred into a conical tube and
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centrifuged (300 x g, 5 min). The cell-free supernatant was removed and the cell pellet resuspended
in fresh medium (1 ml). A 10 ul aliquot was removed and used for cell counting using a
haemocytometer. Once calculated, an aliquot of cells (200,000) were seeded in a flask coated with
a collagen 1 solution (2mM in ultrapure water, 5 ml, 30 min at 37°C) for continuous culture, while
the remaining cells were used for experiments.

The fraction of cells dedicated to the experiments was seeded onto commercial or custom made
(as previously explained) filter supports. All the supports were previously coated with a
collagen | solution in ultrapure water (2 mg/ml, 200 pl, 30 min at 37°C). The amount of cells seeded
in each device was chosen to ensure confluency: 150,000 are seeded in Transwells® (surface area
= 33mm?) and 90,000 in the custom supports (surface area  19mm?). Cell culture medium was
added basolaterally and apically and was replaced every 2 days. These cells achieve maximum
barrier properties after 4-5 days of submerged culture on a nanoporous support [125, 126].

Subculture of PBECs on filter supports

Subculturing of PBECs was performed by Dr Natalie Smithers and will be briefly described here.
After removing cryopreserved cells from liquid nitrogen and thawing, cells were grown as
monolayers in collagen-coated T75cm?flask in Bronchial Epithelial growth medium (2x BEGM from
Lonza). Once cells at passage 1 were 60-65% confluent, they were detached from the surface with
trypsin/EDTA and seeded onto Transwells® (70,000). Once 100% confluent, the primary cells are
taken to ALI: the apical media was removed and media for the ALI culture was prepared (50% 2x
BEGM wy/o retinoic acid:, 50% DMEM+NEAA+NaPy+ penicillin/streptomycin +L-Glut+BSA) with the
addition of retinoic acid (50nM) prior to replacement of basolateral medium. The basolateral cell
culture medium was replaced daily. These cells achieve maximum barrier properties after 21 days
of ALl culture on a nanoporous support.

Sterilisation

Prior to use, all custom supports are first washed in 10% bleach for 10 minutes followed by rinsing
in sterile water, then washed three times in 70% Industrial Methylated Spirits, a HBSS rinse prior to
collagen coating and cell seeding.

4.3.3 Barrier Disruption

Disruption of the barrier was induced in some confluent cell cultures to assess if the device is able
to measure the drop in impedance. Two different chemical stimuli are used to achieve this effect:
ethyleneglycol-bis(B-aminoethylether)-N,N,N',N'-tetraacetic acid) (EGTA) and
polyinosinic:polycytidylic acid (Poly(l:C)).

EGTA

TJs are protein complexes that are regulated by the concentration of calcium ions Ca** [135, 136].
One way to disrupt these complexes is by depleting the surrounding media of calcium. The
depletion of these metal ions can be achieved with the addition of a chelating agent such as EGTA,
which is a chemical able to remove free ions in solution and associate them into heterocylical rings.
The addition of EGTA to a confluent culture of epithelial cells is known to induce strong TJ disruption
and TER drop [66, 137]. Experimentally, an amount of EGTA required to reach a concentration of
0.5 M in the basolateral compartment was added. The typical required time for EGTA to induce a
barrier drop is 10 minutes.

Polyinosinic:polycytidylic acid (Poly(l:C))

This synthetic analogue of double-stranded RNA, a molecular pattern associated with the
replication of viruses and mimics a viral infection [138]. The physical barrier function of epithelial
cells is known to decrease following exposure to poly(l:C) [126, 139]. Experimentally, a stock
solution of Poly(I:C) (1 mg/ml in ultrapure water) was stored at -20°C and further diluted to the
desired final concentration (5ug/ml) in cell culture media and added apically to both Transwell and
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static supports containing cells. Typically, the first effects of poly(l:C) stimulation are visible after 3
hours.

434 Microscopic analysis

Analysing the size and shape of cells gives information on the status of the culture. For example,
cells deriving from a cell line which have been cultured for several passages (>50) and are old start
to show abnormal features such as incremented cell size and aberrant protuberances.

(i) Epithelial cell line (16HBE)

Morphologies for this type of cells are shown in Figure 4-22. When cultured on a planar surface,
these cells are skewed along a preferential axis (Top-Left). They grow as an irregular plane with
small valleys and mountains. During growth, the cells start to form small clusters that expand over
time, adhering to neighbour clusters until they reach a confluent monolayer. Cell-cell contacts are
clearly visible. The proteins that maintain the cell adherence to the surface are degraded when the
cell dies, resulting in detachment (Bottom-Left). In addition, dead cells lose the preferential axis
elongation and assume a spherical shape. When cultured on a nanoporous support these cells grow
as a uniform culture and it is no longer possible to observe cell-cell interfaces (Top-Right). If the
culture is healthy, the surface is mostly homogenous with minor imperfections. If the culture is not
healthy (Bottom-Right), the surface shows marked differences between the areas where the cells
are tight and a barrier is being formed and the areas where the cells are disrupted and the barrier
is leaky.

a) b)

Figure 4-22 Morphologies of 16HBE14-0- cells. (a) Healthy cells cultured on a planar surface.
(b) Healthy cells cultured on a nanoporous support. (c) Dead cells detached from the
culture flask. (d) Disrupted culture of cells on a nanoporous support.

(ii) PBECs
Morphologies for this type of cells are shown in Figure 4-23. When first seeded on a nanoporous
support, these cells form small clusters which spread over time. These clusters are clearly visible
after the first week of culture (a), tend to disappear after the second week (b) and are absent after
the third week (c). Cell-cell contacts are clearly visible at all growth stages. After cells form a
confluent monolayer, they start forming an additional layer starting from the edges of the support
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towards the centre. After the second week these cells start to develop mucus-producing goblet
cells and mucus builds up on the apical surface.

a) b)

100 pm

100 pm 100 pm

Figure 4-23 Morphologies of PBECs. At day 7 (a) small clusters deriving from the cell seeding are
present. At day 14 (b) the residual cluster are less numerous and the cells are well
distributed. At day 21 (c) no clusters are visible and cells start to produce mucus.

Cytocompatibility

Cellular morphology can be also used as a preliminary indicator for the cytocompatibility of
different materials. A preliminary assessment of the cytotoxicity of glue was reported in the
fabrication chapter. From this test, it was observed that cells grown in contact with certain glues
died after 2 days. A similar test was performed for all the materials of the device. In particular,
platinum black which was reported as a potential carrier of cytotoxic effects [140], did not affect
the morphology of the culture.

Fungal infection

Microscopy inspection was used to verify the presence of any fungal infection. In the first stages of
infection fungi are rod-shaped. As the infection proceeds, they produce more filaments from the
edges of the pre-existing ones. At the final stage of infection, fungi produce spores that spread to
the surrounding environment. Given the ease of fungal contamination and the high risk associated
with it, it is necessary to discover any infection and promptly isolate and destroy the infected
culture. An example of infected culture is shown in Figure 4-24.

200 pm
CTSe——

Figure 4-24  Example of a culture of 16HBE cells infected by fungi for 4 days.
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Immuno-fluorescent staining

This technique consists of the selective staining of different proteins in the cell with different
fluorescent markers and subsequent microscopic analysis. This procedure yields information on the
presence or absence of proteins and on their spatial organisation in relation to other cells. An
example is shown in Figure 4-25 where three components of the system have been stained with
different fluorescent markers: actin filament are marked in red, zona occludens-1 in green and the
DNAin the nucleiin blue. With the superimposition of the images it is possible to gather information
regarding the order of the TJs and of the 3D structure of the cells.

Before staining cells were fixed by the addition of paraformaldehyde (4% PFA in PBS). This is an
organic compound able to form covalent bonds between dissolved proteins and the cytoskeleton,
blocking the cellular structure and preventing cellular decomposition. Once fixed, the membranes
were permeabilised using a surfactant (Triton X-100, 0.1% in PBS, 15 minutes), the non-specific
binding sites were blocked by addition of Bovine Serum Albumin (BSA) (PBS + 1% BSA+ 0.1%
Tween20, 30 minutes), the conjugated antibody for occludin (AF647-labelled-occludin) and Acti-
stain 670 (Cytoskeleton Inc.) was added and left to incubate overnight. After washing
(5 x 5 minutes, 0.1% Tween 20 in PBS), a drop of ProLong Gold Antifade Reagent (with DAPI) was
added on the cells and the system covered with a cover slip.

100
um

130
dm
Figure 4-25 Immunofluorescent staining of 16HBE cells cultured on Transwell® for 6 days. Actin
filament are stained in red, occludin is stained in green and the DNA in the nuclei is
stained in blue.

Z-stacks were taken using LSM 6000 microscope (Leica Microsystems, Wetzlar, Germany). After
deconvolution using Leica Application Suite software z-projections were performed using Imagel
software. This assumes that the light originated from one point spread according to a point spread
function which is the same for all the sample. This allows for analysis of different sections of the
tissue and for 3-dimensional reconstruction of the cells such the one shown in Figure 4-26.
Immunofluorescence staining was performed in collaboration with Dr. Robert A. Ridley and
Dr. Cornelia Blume.
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Immuno-fluorescence staining images can also be used to obtain quantitative estimates of the
status of the tight junctions. For example, it is possible to quantify the effects of a disruptive
stimulus by comparing images of treated and untreated cultures. One approach to compute this
disruption is to consider how many cells in each image contribute to the tight-junctional barrier, i.e.
are surrounded by an interrupted perimeter of TJs, as shown in Figure 4-26. The advantage of this
approach is that it accounts for both TJs destruction (which lead to cells with an incomplete
perimeter of TJs) and for Tls redistribution (which lead to TJs located around a cluster of more than
one cell). While in this work the count was performed by visual inspection, it is possible to
implement an automated image processing routine capable of counting the cells. This routine
should first remove the image background and then perform Fourier or Hough transforms to obtain
matrixes that can be analysed for patterns. To obtain a robust analysis, at least 3 different areas
should be imaged for each sample and a statistical analysis of the measurements should be
conducted.

Figure 4-26 Quantitative information from immunofluorescence stained tissues. a) Tissue construct
thickness obtained by 3D reconstruction of 16HBE cells created by obtaining multiple
images at different heights. b) Cell count for tight junction status evaluation: the red
dots represent cells surrounded by an interrupted perimeter of occludin.
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4.4 Chapter summary

In this chapter, the experimental apparatus and the techniques required to manufacture the device
and culture the cells are described. Currently, the manufacturing process for the device is divided
between the clean-room and the laboratory. In the clean-room, the process is performed on a 6”
wafer which can yield up to 76 devices. Platinum electrodes are patterned and then the TMMF
channel is defined using photolithography. After dicing, each chip is coated with platinum black and
glued integrated with a nanoporous membrane and a polymeric part. At the moment, the
integration of the nanoporous membrane by manual gluing is the critical and production—limiting
factor. It might be possible to improve process time and yield by the adoption of a different process
such as acoustic welding or thermal bonding. Also, while the production of the polymeric part by
laser ablation is sufficient for prototyping, it is necessary to switch to injection moulding for higher
manufacturing volumes.

During an experiment, the chip is placed inside an incubator, and growth medium is pumped by a
syringe pump. Air bubbles are removed with a bubble trap before reaching the device. Electrodes
are connected with a serial cable to a multiplexer and to an impedance analyser outside the
incubator. A commercial impedance analyser provides great sensitivity but it is over-specified for
the task and a cheaper alternative could be used in future setups. At the moment, samples at the
outlet of the device are collected in a single reservoir. In this way, information regarding protein
production rates are lost: it would therefore be interesting to integrate the device with a system to
collect and store liquid fractions produced over time for subsequent off-chip analysis, in order to
compare the electrical and chemical response of the cells. A simple setup to perform time resolved
fraction collection using an oil-phase similar to what is used for capillary liquid chromatography was
proposed.

Two sources of human bronchial tissue were considered: a human bronchial epithelial cell line
(16HBE140-) and PBECs. Chemical stimuli to induce a cellular barrier disruption were described.
This artificial disruption was used to test the capability of the device to measure drop in tissue
barrier properties. While EGTA chelates the free calcium ions required by the TJs and completely
disrupts the barrier, Poly(l:C) mimics a viral infection and induces a mild barrier disruption caused
by an inflammatory response. Conventional microscopy was used to observe the growth of the
culture, to detect eventual infections and to test material cytocompatibility. Fluorescence analysis
was used to obtain spatial information on tight junctional complexes.
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Chapter 5: RESULTS - Electrical characterisation of
epithelia

This chapter describes the experimental results for characterising the electrical properties of
epithelial cell cultures. Firstly, baseline measurement without cells was investigated to calibrate the
system. Secondly, characterisation of cells grown in fluid and static conditions on commercial
Transwell® supports or on custom fabricated supports are examined before finally characterising
the electrical properties of cells grown under microfluidic conditions. Details of the statistical
methods used during data analysis can be found in Appendix D.

5.1 Baseline measurements without cells

The first set of experiments was performed in the absence of cells and used to calibrate the system
and establish a baseline.

5.1.1 Conductivity measurement

The bright Pt electrodes used to measure cellular impedance were calibrated with increasing
concentrations of salt solutions (NaCl, 50-500 mM). The measured impedance spectra are shown
in Figure 5-1. When the salt concentration was increased, the Debye length decreased by a square
root and the number of charge carrier increased. This was reflected experimentally by a decreasing
impedance magnitude and a decreasing phase angle with increasing salt (and therefore ions)
concentration. Impedance spectra were fitted with an equivalent electric circuit formed by a CPE
representing the electrode polarisation and by a resistor in series. The phase of the CPE is 0.51 for
a 500 mM solution and 0.32 for a 50 mM solution.
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Figure 5-1 Impedance spectra for solution with different concentration of NaCl. As the
concentration is increased more charge carriers are present in solution leading to a
decreased impedance magnitude and phase angle.

For dilute electrolytes the solution conductivity is directly proportional to salt concentration.
Therefore, the admittance (the reciprocal of the impedance) and the salt concentration should
correlate linearly. This is verified in Figure 5-2 where admittance magnitude values are plotted
against increasing NaCl concentration and fitted linearly. At high frequencies (100 kHz) the linear
correlation was strong (R*=0.98) while at low frequencies (100 Hz) the correlation was poor

(R?=0.94) attributed by the strong effect of the electrode polarisation in absence of the platinum
black coating.
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Figure 5-2 Measured admittance for solutions with different sodium chloride concentration. At
100 kHz double layer effects are small and the linear correlation of the data is good
(R?=0.98). At 100 Hz double layer effects affect the measurement and the correlation
is worse (R%=0.94).

5.1.2 Temperature effects

For a salt solution, temperature variations affect the ability of charges carrier to move through the
solution and thus its electrical conductivity. At high temperatures the ions have higher random
fluctuations and the resistivity is low, while at low temperatures the opposite happens. To test the
effect of temperature on impedance measurements a 500 mM solution of KCl was measured at
different temperatures to measure the variation in the impedance spectrum. The results are shown
in Figure 5-3. When the temperature was increased from 22°C to 27°C, the magnitude of the
impedance spectrum decreased by =30 Q, while the phase angle stayed constant at high
frequencies and was decreased by =1° at lower frequencies (100 Hz). Admittance magnitude at 100
Hz and at 100 kHz were fitted linearly against the temperature. The equations were:

1V 100 ks = 2.11 + 0.076 T R? = 0.998

where |Y] indicates the admittance magnitude in milliSiemens and T the temperature in degrees

Celsius. The temperature correction factor at 25°C and 100 kHz is owa=1.97 %/°C. This value is
comparable with the values found in the literature (a=2 %/°C [79]).
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Figure 5-3  Effects of temperature on the impedance spectrum of a 500 mM solution of KCl. (a)
Solutions at different temperatures were pumped through the device and impedance
spectra are measured. Admittance magnitudes at 100 kHz (b) and at 100 Hz (c) against

the temperatures and fitted linearly (R>0.99 for both regressions).

Temperature can also affect dissociation constants of weak acids, therefore the effects that the
temperature has on the electrical properties of growth medium might differ from a salt solution.
To assess these effects, a similar analysis was performed on cell culture medium and is shown in
Figure 5-4.

A linear fit to the admittance magnitude data with the temperature gives:

|Y|100 Hz — 109 + 004‘5 T

R? =0.998
R? =0.991

The obtained temperature correction factor at 25°C and 100 kHz is dimedium=3.01 %/°C, and is greater
than for the salt solution, indicating the presence of additional effects caused by the complexity of
the culture medium components. The highest temperature variation in the system is observed
during the opening of the incubator to operate the setup. The resulting temperature is in the 35.5-

37°C range. This 1.5°C temperature variation can induce a 4.5% variation in the measured
impedance.
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Figure 5-4  Effects of temperature on the impedance spectrum of 16HBE cell growth medium.

(a) Medium at different temperatures is pumped through the device and impedance
spectra are measured. Admittance magnitudes at 100 kHz (b) and at 100 Hz (c) are
reported against the temperatures and fitted linearly (R*>0.99 for both regressions).

5.1.3 Platinum black deposition

Platinum (Pt) black was deposited on the platinum electrodes to reduce electrode polarisation
effects. To assess the quality of the deposition and the performance improvement after coating,
the impedance of a 10 ul droplet of 16HBE medium was measured with coated and uncoated
platinum electrodes. The resulting spectra are shown in Figure 5-5. For the uncoated electrodes at
low frequencies, the impedance magnitude increases exponentially (>3500 Q at 100 Hz) and the
phase angle decreases (<-50° at 100 Hz). Variations between high and low frequency values due to
electrode polarisation were of the same order of magnitude as the variation caused by TJ formation
(~1 kQ). Uncoated electrodes are therefore not suitable to monitor small variations in cell culture
impedance because they are covered by double layer effects.

Compared to the uncoated electrodes, the polarisation of Pt-black coated electrodes is negligible
at the frequencies of interest. When the two spectra are plotted on the same scale, the impedance
magnitude of the coated electrodes appears constant (120 2 at 100 Hz) and the variation of phase
angle smaller (-10° at 100 Hz). The improvement can be quantified analysing the values of the fitted
capacitances for the two spectra. For uncoated electrodes it is Cgrignt pr~0.3 F /m? which is in
agreement with values from the literature [141, 142], and it is Cp; giack~ 27 F/m? for coated
electrodes. This is a 90-fold increase in the electrode surface, which is lower than the values
reported in the literature (140-fold) [91]. The lower improvement in electrode area compared to
the literature might be a consequence of non-optimal deposition conditions and could be improved
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by optimizing the deposition process. Nevertheless, the obtained electrodes were deemed suitable
for the application and the deposition protocol was left unaltered. All subsequent impedance
spectra presented were obtained with Pt-black coated electrodes.
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Figure 5-5 Comparison between bright platinum electrodes (Uncoated) and platinum black
electrodes (Coated). Uncoated electrodes are heavily affected by polarisation effects.
The Pt-black coating improves the electrode performances reducing polarisation
effects by a factor 75.

5.2 Submerged epithelia

The 16HBE cell line was analysed in submerged, static conditions. These experiments are necessary
to understand the behaviour of tissues grown in standard condition and give a reference point for
the analysis of more complex systems. First, the effects of materials and the measurement system
on cellular viability were measured, followed by an analysis of the performance of different
measurement setups. Impedance measurements in this section were performed with both the
systems discussed in Section 4.1.3.

5.2.1 Tissue growth on custom supports

To assess if the materials and the structure of the device affected cell growth, the TER of cell
cultures grown on commercial Transwell® supports and on custom static supports were compared.
This is shown in Figure 5-6, where TERs were measured using commercial chopstick electrodes
at 1, 3 and 6 days after seeding. For statistical analysis, the experiment was repeated 3 times with
4 replicates for each condition each time. Measured TERs were subtracted from the blank values of
an empty support and normalised with respect to the surface area of the membrane: 0.33 cm? for
the commercial Transwell® system and 0.19 ¢cm? for the custom system. Averages and standard
deviations (SD) of replicates were computed for each experiment. Grand means and standard
deviations of biological replicates across the experiments were computed and are shown. On the
third day after seeding, cells cultured on Transwell® had TER values of 332+98 Qcm? and cells
cultured on custom supports had values of 453174 Qcm?. After the sixth day these values became
respectively 830+215 Qcm? and 655+211 Qcm?. These values are in the standard range observed
in the literature for this type of cells [126]. A paired Student’s t-test was performed to assess the
statistical significance between the two systems. For the sixth day the t-value was 1.458, with an
associated double-tailed cumulative probability with 11 degrees of freedom of 82.8%. The data
suggests that the static support does not have a statistically significant effect on the cell culture
growth.
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Figure 5-6 Comparison between the development of an epithelial barrier of epithelial cell cultures
grown on commercial and static supports over time. Epithelial cells (16HBE) were
grown on commercial supports with 108 holes/cm? or custom made culture supports
with 108 holes/cm? and grown for 6 days at 37°C. On day 0, 3 and 6, ionic permeability
was determined by TER measurements where values were normalised with respect to
the blank and to the surface areas. Results shown are means + SD of 3 independent
experiments performed in quadruplicate. Day 6 values are not statistically different
(p=0.172).

5.2.2 Support pore density effects on tissue morphology

The effect of the support pore density on the cells was analysed by immunofluorescence staining
of cultures grown on commercial supports, custom supports with low pore density (10° holes/cm?),
and custom supports with high pore density (10% holes/cm?). A comparison between morphologies
of cells cultured for 6 days on the 3 different supports is shown in Figure 5-7. Z-stacks of images
were obtained at different focal planes and 3D structures were reconstructed after deconvolution.
Even though TJs are formed in all culture conditions, the morphologies are different. Tissues
cultured on Transwell® and on custom supports with high pore density have more than one layer
of cells and are 17 and 16 um thick, respectively. Tissues cultured on custom supports with low
pore density are formed by a single cell layer and are 9 um thick. This difference could be caused
by the non-uniformity of medium distribution, or by effects derived from manufacturing process,
such as difference in mechanical properties or in glue distribution. Therefore, high pore density
membranes were used to obtain cellular cultures similar to the ones obtained on the current
Transwell® standard.
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Figure 5-7 Effects of membrane pore density on the tissue structure as observed by
immunofluorescence staining of 16HBE cells. Epithelial cells (16HBE) were grown on
static commercial supports with 10° holes/cm? (a) or custom made culture supports
with 108 holes/cm? (b) or 10° holes/cm?(c) and grown for 6 days at 37C. After which,
16HBEs were fixed and assessed for occludin (green), actin (red) distribution with
nuclei staining (blue) by immunofluorescent microscopy. Images were deconvoluted
and are representative of 4 technical replicates of 3 biological replicates experiments.
100x magnification.
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5.2.3 Barrier disruption induced by electric fields

Biological systems can be affected by exogenous fields and care must be adopted in the choice of
the signal shape and magnitude. Experiments were performed to verify that the signal applied
during the impedance measurement did not perturb the electrical properties of the examined cell
culture. The epithelial cell line, 16HBE, was grown on commercial Transwell supports for 6 days and
impedance was measured using the impedance spectroscopy chip system described in
Section 4.1.3, Figure 4-15 using a stimulation signal with frequency 1 kHz and amplitude 0.7 Vims.
TERs of the cell cultures were measured with commercial chopstick electrodes before, 30 seconds
and 10 minutes after the impedance measurement. 4 biological replicates of the experiment were
measured and are shown in Figure 5-8 as averages and standard deviations. A two-tailed paired
Student’s t-test was used for statistical analysis.

A significant drop (p<0.001) in the measured TER was observed after 30 seconds, from 1685+44
Qto 1127147 Q. Cells recover over time from the initial perturbation: TER values measured 10
minutes after the application of the signal show a significant increase (p=0.027) compared to the
original values, up to 1772185 Q.
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Figure 5-8 Effects of an external electric field on the barrier properties of epithelial cells. lonic
permeability as determined by TER measurements using the EVOM and chopstick
electrodes of confluent cell cultures on Transwell® were measured before, 30 seconds
and 10 minutes after the measurement of the impedance using a signal with frequency
1 kHz and amplitude 0.7 Vims (4 replicates). Results are means * SD. A significant drop
is observed 30 seconds after the impedance measurement (***p<0.001), followed by
a significant increase 10 minutes after the impedance measurement (*p=0.027) (two-
tailed paired Student’s t test).

The application of the electric signal disrupts the barrier of the culture. It is necessary to minimize
this effect in order to avoid the introduction of artefacts during the monitoring of the culture. To
assess if this effect depends on the intensity of the applied signal the experiment was repeated with
signal amplitudes in the 0-1 Vims range. The TER drop after the impedance measurement are shown
in Figure 5-9 as percentage of the initial value.
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There is a marked variability in the drop induced by the external field across the cultures. An applied
voltage of 1 Vims induces a drop in the TER of the barrier of 6715 %. The higher the amplitude of the
signal applied, the higher the resulting drop in the TER measurement. Data fit to an exponential
curve, with R?=0.967as follows:

y =83+ 127378

A drop of 744 % was observed for the control (i.e. no measurement performed). This is probably
due to mechanical stresses during the displacement of the support from the 24-well plate to the
measuring chip. This should not be present in the microfluidic chip measurement where cultures
are measured in-situ and no displacement of the support is required.

A one-tailed homoscedastic Student’s t-test for data obtained with applied voltage of 0.1 Vims or
0 Vims gives a cumulative distribution probability p=0.26 indicating a non-significant effect.
Therefore, all subsequent measurements are performed with an applied voltage of 0.05 Vims to
avoid the introduction of artefacts in the measurement.
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Figure 5-9 Effects of the applied field intensity on the induced barrier disruption. The ionic
permeability of epithelial cell cultures grown on commercial supports for 6 days was
determined by TER measurements before and after the application of an electrical
stimulus (1kHz, 2 seconds). The amount of induced TER drop can be correlated
exponentially with the field applied voltage (R?=0.967). Even when no field is applied,
there is a small barrier disruption induced by mechanical stresses during the
measurement. Barrier disruption for Vims=0 (no measurement performed) and Vims=0.1
are not statistically different. Results are means + SD of 3 independent biological
measurements.
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5.2.4 Comparison between Trans-Impedance and Cis-impedance measurements

The performances of cis-epithelium and trans-epithelium electrodes on a growing culture of
epithelial cells were compared. A Transwell® was placed on top of the measuring chip with circular
segment electrodes to measure cis-epithelium impedance, and an additional electrode was added
in the apical compartment to measure trans-epithelium impedance as shown in Figure 5-10. This
third electrode was a platinum wire (diameter 0.5mm) coated with platinum black submerged to a
depth of =5mm in the apical medium. The trans-epithelium impedance was measured using the
additional electrode and one of the two planar electrodes. The field lines for this configuration were
not symmetrical, but the artefact is considered negligible. The submerged area of the platinum wire
was ~4mm? compared to ~3mm? of each planar electrode.

a) TRANS b) CIS

Rs + Ra

Figure 5-10 Schematic of the two measuring setups and respective equivalent circuits (active
electrodes framed in yellow): in the cis-configuration (b) two planar electrodes are
used, while in the trans-configuration (a) a third Pt/Pt-black electrode is submerged in
the apical compartment.

The electrical properties of epithelial cell cultures grown on a Transwell® were measured daily from
the day after seeding with both electrode configurations and with commercial electrodes. The
typical evolution of measured spectra over time are shown in Figure 5-11 (only selected curves are
shown to improve graph readability). TER values measured with standard chopstick electrodes
increased steadily from day 1 to 5 (from 270 Q to 820 Q) and decreased on day 6, indicating that
the cells established a polarised barrier with decreased ionic permeability.

Impedance measured with the two electrode configuration show the same qualitative behaviour:
the impedance magnitude stayed constant at frequencies >10* Hz and increased with increasing
TER at frequencies <10% Hz. At 100 Hz, the impedance magnitude measured with trans-epithelium
electrodes increased from 1065 Q on day 1 to 1760 Q on day 5, while the impedance magnitude
measured with the cis-epithelium electrodes increased from 1360 2 on day 1 to 2490 Q on day 5
The characteristic depth in the phase angle for the trans-epithelium electrodes changed from -10°
at 7 kHz at day 1 to -27° at 1.5 kHz at day 5 (Figure 5-11a), and for the cis-epithelium electrodes
changed from -12° at 9 kHz at day 1 to -27° at 2.5 kHz at day 5 (Figure 5-11b).
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In both systems, small variations in the high frequency impedance magnitude values (66 Q2 for the
trans-epithelium and 71 Q for the cis-epithelium) can be explained by temperature differences
between measurements or by difference in the relative position between electrodes and
Transwell®.

The impedance magnitude sensitivity can be defined as:

Day 5 Day 1
ZlLow Freq ~— IZlLow Freq

TERDaYS — TERDaY1

|Z| Sensitivity =

this value is equal to 1.22 for the trans-epithelium configuration and 2.01 for the cis-epithelium
configuration. This difference can be explained by considering the different field distribution in the
systems, as already discussed in 3.2.1.
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Figure 5-11 Comparison between measurement setups. Typical impedance spectra of a culture of
epithelial cells growing on Transwell® measured with the trans-epithelium (a) or with
cis-epithelium electrodes (b). Spectra are representative of 2 independent
experiments.

It is important to verify that after the fitting procedure the system yields the same quantitative
information on the tissue electrical resistance and capacitance. The data from the two
configurations were fitted to their respective electric equivalent circuits (Figure 5-10) and the fitted
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parameters are shown in Figure 5-12 as equivalent resistance values together with the TER
measurement for each day. Values of the equivalent resistance obtained with the trans-electrodes
configuration closely follow the experimental TER, while values obtained with the cis-electrodes
configuration overestimate the experimental TER. It is possible to correlate the equivalent
resistances obtained with the two configuration. The regression curve is:

RGNS = 124 + 0.44 REG

with an R?=0.968. The difference in the fitted values is caused by differences in the sensitivities of
the systems.

Equivalent capacitance values for both configurations are constant after the first day. The values
were =0.6 puF/cm? for the trans configuration and =0.2 pF/cm? for the cis configuration. In the
literature, a wide range of values for capacitance of epithelial cell cultures has been reported. In his
original study on a suspension of red blood cells, Fricke reported a value for the cell membrane
capacitance of 0.81 puF/cm? [143]. This value was demonstrated to be constant over a wide range
of cell membranes and has since been used as reference. Nevertheless, the capacitance of an
epithelial cell culture is not simply the sum of single cell capacitances, because more complex
phenomena are involved (such as the asymmetrical subdivision of the cell membrane into apical
and basolateral compartments [144]). Currently, there is not a standard method for the
measurement of epithelial capacitance in the same way there is a standard method for the
measurement of epithelial resistance, and capacitance values found in the literature can be
affected by methodology differences. Schmid et al. [144] reported the capacitance for a Madin-
Darby canine kidney cells type | (MDCK-I) epithelial cells culture to be 0.51 puF/cm?. Henry et al. [64]
reported the capacitance of a culture of primary human airway epithelial cells (hAECs) to be 7.33
uF/cm?. Sun et al. [66] reported the capacitance of a culture of 16HBE cells to be 1.26 uF/cm? Tellez
et al. [145] reported the capacitance of a culture of 16HBE140- to be 0.151 uF/cm?. The capacitance
values obtained in this work with both electrodes configurations are in the range reported in the
literature. Overall, the two configurations yield quantitatively similar information demonstrating
that the planar electrode configuration can be used to monitor the epithelial barrier.
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Figure 5-12 Comparison between trans-epithelium and cis-epithelium equivalent parameters. The
cell resistance and capacitance for the two configurations are obtained fitting their
impedance spectra with the respective equivalent electric circuit. Equivalent
resistances measured with the two configurations correlate linearly (R?=0.968) follow
TER values. Equivalent capacitance values are constant after the first day and lower
than the commonly assumed value of 1 uF/cm?, indicating the presence of more than
one layer of cells. Data are representative of 2 independent experiments.

104



5.2.5 Comparison between planar electrodes design

As analysed in the design Chapter-3, the shape of the electrodes strongly affects the sensitivity of
the measurement. Two new designs were compared with the design from Sun et al. [66] (Design1)
as shown in Figure 5-13. The first new design (Design2) consists of two 1 mm-wide symmetrical
circular segments, while the second has the same planar electrodes but with the addition of an
insulating polydimethylsiloxane (PDMS) barrier between them (Design3). Both designs aim to
reduce the current flowing underneath the tissue thus increasing the sensitivity of the
measurement.

c)
SUN et al. CIRCULAR PDMS
2010 SEGMENTS SEPTUM
] ELECTRODES ] INSULATING SEPTUM

Figure 5-13 Schematic drawings of the compared electrode design. (a) Design by Sun et al. [66]
formed by a central dot and an external ring, (b) circular segments design, (c) circular
segments design with insulating septum between the electrodes.

Measurement of an empty Transwell® and of a support with a confluent layer of polarised epithelial
cells (TER=2000€2) was performed for each system. The impedance spectra are shown in Figure
5-14.

Designl has the lowest basolateral resistance and therefore the lowest baseline for an empty
Transwell® (210 Q). By increasing the distance between the electrodes the basolateral resistance is
increased, resulting in higher baselines for Design2 (420 Q) and for Design3 (1800 Q), where the
current is physically blocked by the insulating septum.
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Figure 5-14 Comparison between impedance spectra of 16HBE cells cultured for 5 days on static

Transwell® supports, measured with different electrodes design: (a) the one from Sun
et al. [66], (b) the proposed optimum planar electrodes design, (c) and the proposed
optimum planar design with the addition of an insulating PDMS barrier between the
electrodes. Impedance spectra of an empty Transwell® and one with a polarised cell
layer (TER=2000 Q) are measured with each setup. With respect to the design from
the literature, the increase in measured impedance magnitude at 100 Hz for the same
variation of epithelial resistance is 10-fold and 30-fold, respectively without and with
the insulating PDMS septum. The phase angle depth magnitude for both proposed
design is 3-fold compared to the literature design.

Electrode areas are comparable across the systems. The increase in low-frequency impedance
magnitude due to electrode polarisation effects is 44 Q for Designl, 130 Q for Design2 and 127
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Q for Design3. To assess the effects that electrode polarisation has on the measurement, these
variations must be considered relative to variations measured when a confluent cell layer is present,
as:

|ZI26% ¥req — |Ziiign
. . . ow Fre High Fre
Relative Electrode Polarization = a g a
|Z|Cells _ |Z|C¢lls
Low Freq High Freq

this value is 34% for Designl, 10% for Design2 and 3% for Design3. Thus, similar electrode
polarisation effects can be neglected in the new designs.

When used to measure a polarised tissue with TER= 2000 Q, the value of the low frequency
impedance magnitude was 330 Q for Designl, 1870 Q for Design2 and 5400 Q for Design3.

The impedance magnitude spectrum of a confluent layer of 16HBE cells measured with the
geometry proposed by Sun et al. is equivalent to the one reported in the same study [66].

The impedance magnitude sensitivity can be defined as:

Pol Blank
|Z|ng Freq — |Z|Lo€/lvnFreq

TERPol _ TERBlank

|Z| Sensitivity =

The impedance magnitude sensitivity gives information on the measured impedance variation for
a given input variation of TER. It is calculated at the low-frequency maximum of the phase angle,
where the signal variation induced by the presence of the cells is saturated and the electrode
polarisation effects are minimum. The performance comparison is shown in Figure 5-15 together
with the phase angle depth normalised against the blank. The impedance magnitude sensitivity is
0.04 for Design1, 0.65 for Design2 and 1.83 for Design3, while the phase angle depth is 6.42° for
Designl and 21° for both Design2 and Design3. The two new electrode designs exhibit improved
performances compared to the design from the literature: the impedance magnitude sensitivity
increases 16-fold for the circular segments electrodes and 45-fold with the addition of insulating
septum. The phase angle depth increase is 3-fold for both designs.
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Figure 5-15 Performance comparison between different electrodes design. The impedance
magnitude sensitivity is 0.04 for the design from the literature, 0.65 for the simple
circular segments and 1.83 for the circular segments with insulating septum. The phase
angle depth normalised to the blank is 6.42° for the design from the literature and 21°
for the other two.
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5.3 Air-Liquid Interface epithelia

Airway epithelia are physiologically exposed to an ALl Primary BEC require this condition to
proliferate and differentiate in vitro: it is therefore important to have a method to measure tissue
electrical properties of cells at the ALI. Conventional measuring systems cannot probe the ALl for
the lack of apical electrolyte. To perform a measurement with these systems it is necessary to
temporarily cover the cells with growth medium which is a labour intensive and disruptive process.
As an alternative to overcome this barrier, planar electrodes only need electrolyte on one side to
probe the cells and could be suitable for direct measurement of impedance for cells growing at the
ALl

5.3.1 Effects of the apical medium volume on the measurement sensitivity

The amount of medium present in the apical compartment affects the system impedance spectrum:
the higher the volume of electrolyte, the lower the electrical resistance. This relation is not linear
because of the planar geometry of the electrodes. The apical resistance is in series with the tissue
electrical parameters and affects the sensitivity of the measurement. The higher the ratio between
the apical resistance and the basolateral resistance, the lower the current flowing through the cell
layer.

To assess the effects of the apical compartment volume and to determine a minimum detection
limit, a polarised cell culture of 16HBE cells were grown on a commercial support (TER=3000 Q) and
impedance was measured with different amounts of liquid in the apical compartment (0, 10, 20,
30, 40, 50 or 200 pl) using the planar circular segments electrode as previously examined. As shown
in Figure 5-16, the variation of impedance magnitude measured at 100 Hz was =150 Q2 and was
lower than the variation of impedance magnitude measured at 100 kHz which was =1200 Q. The
measured trough in the phase angle changed from -30° to -5° when measured with 200 pl or an
empty apical compartment, respectively. The experiment was repeated 4 independent times,
obtaining the same trend.
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Figure 5-16 Effects of the apical medium volume on the impedance spectrum. A Transwell® with a
polarised cell layer (TER=3000 Q) is measured using the novel planar electrodes design
with different volumes of medium in the apical compartment (0, 10, 20, 30, 40, 50,
200 pl). Results are a representative plot of 4 independent experiments.

To analyse the response of the system it is useful to consider the high frequency and the low
frequency equivalent circuits shown in Figure 5-17. At low frequencies, the capacitance is an open
circuit. The resulting series resistance Rc+R, in parallel with the basolateral resistance Ry is
dominated by the paracellular resistance R. because Rc>>R,. Therefore, the impedance does not
depend on the value of the apical resistance Ra. At high frequencies, the capacitance is an open
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circuit. R, is in parallel with the basolateral resistance Ry. Therefore, the impedance magnitude
depends on the value of the apical resistance R..

LOW FREQUENCY (<1 kHz) | |HIGH FREQUENCY (>10 kHz)

Rc Rc
A, | Re MM | R
A MA-

Rb Rb

AAMA AN

Figure 5-17 Low and high frequency equivalent circuits. At low frequencies, the capacitance C. is
an open circuit and the current flows through the paracellular resistance R.. At high
frequencies, the cell membrane capacitance C.is a short circuit and bypasses the
paracellular resistance.

To quantify the effect of the apical volume a sensitivity factor is introduced:

|Z(100Hz)| — |Z(100kHz)|
|Z(100kHz)|

Apical Volume Sensitivity =

This takes into account the difference between the high frequency and low frequency values of the
impedance magnitude. Both the sensitivity (S) and the change in the phase angle increase
logarithmically with increasing apical compartment volume as shown in Figure 5-18. Data
correlates with the logarithm of the apical volume with R?=0.98 for impedance magnitude and
R2=0.95 for phase angle (the system is more sensitive to variations of the apical resistance when
the apical resistance is small).
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Figure 5-18 Effects of the apical volume on the measurement sensitivity of the impedance
magnitude (a) and in the phase angle (b). In the inset the apical volume is reported on
a logarithmic scale and data are correlated linearly. The correlation factors are R?=0.98
for the impedance magnitude and R?=0.95 for the phase angle (zero values excluded
from the log plots). Results are means + SE of 4 replicate experiments.

5.3.2 Effects of the apical medium volume on 16HBE cells barrier detection

The minimum amount of electrolyte needed to probe the tissue electrical properties needs to be
determined. To assess this, cultures of 16HBE cells were seeded onto commercial supports and
impedance was measured daily with different amounts of medium in the apical volume using the
planar circular segments electrode design (second design from Figure 5-13). Cells are normally
cultured with 200 pl of medium in the apical compartment. Before an impedance measurement
the apical medium was removed and replaced with different volumes of either 200, 50, 20 or 10 pl
of fresh medium (topped up to 200 pl at the end of the measurement for normal culture). Typical
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impedance spectra measured with 200 pl or 10 pl of medium in the apical compartment are shown
in Figure 5-19. As already stated, increasing the apical resistance reduces the sensitivity. As shown
in the figure, it is possible to observe the typical features of an establishing epithelial cell barrier
(i.e. an increasing impedance magnitude and a decreasing phase angle trough) with only 10 pl of
medium in the apical compartment. The experiment was repeated two times in duplicates for each
apical volume, and similar spectra were observed.
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Figure 5-19 Comparison between impedance spectra of a growing culture of 16HBE cells measured
with 200 pl (a) or 10 pl (b) of medium in the apical compartment. Cells were cultured
on Transwell® supports for 5 days with 200 pl of medium in the apical compartment
and impedance spectra were measured daily. Before the measurement, the medium
in the apical compartment was temporarily replaced with either 200 pl (a) or 10 pl (b)
of fresh medium. Spectra are representative of 2 independent experiments performed
in duplicate.

Figure 5-20 compares the equivalent parameters extracted from impedance spectra obtained with
different apical resistances (n=4). The equivalent apical resistance (averaged over the days)
decreases with increasing apical volume, and varies from 1780 Q for the smallest apical volume
considered (10 pl) to 600 Q for the largest volume. The fitted parameters obtained with 200 pl or
50 ul are similar because of the small difference in sensitivity between these two volumes. Cell
equivalent resistances Rc for all the experimental conditions are similar to the TER measured with
commercial electrodes. Equivalent cell capacitances are constant over time in the range 0.3-0.8
uF/cm?, indicating the presence of a multi-layered tissue. Both the equivalent parameters of the
culture R and C. have the same artefact from the fitting procedure: they clearly depend on the
apical volume while the apical resistance R, should be the only parameter affected by the apical
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volume. This artefact does not affect the ability of the system to monitor the establishment of the
barrier of a growing epithelium but requires the use of a conversion factor when comparing
epithelial barriers measured with different apical volumes.
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Figure 5-20 Effects of the apical volume on monitoring growth of 16HBE140-. Impedance spectra
of growing cells measured daily with 10, 20, 50 or 200 pl of medium in the apical
compartment. Spectra are fitted and equivalent resistances (a), equivalent tissue
capacitances (b) and equivalent apical resistances (c) are extracted. The experiment
was repeated 2 independent times in duplicates for each condition. Results are
means * SD of the 4 data sets.

5.3.3 Measurements at the air-liquid interface

The improved sensitivity of the planar circular segment electrodes allows monitoring of the
development of the tissue barrier for an epithelial cell line (16HBE) that are submerged with a thin
film of liquid (10 pl).

As previously demonstrated, it is possible to significantly increase the sensitivity of the system by
inserting an insulating septum between the electrodes. The septum blocks the current flowing in
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the basolateral compartment and forces it to pass through the tissue. This system was used to
measure the electrical properties of ALl cultures of PBEC. Cells were cultured for 21 days on
commercial supports at the ALl and the formation of the epithelial barrier was determined by TER
measurements with conventional electrodes (EVOM system) and with the custom system with the
insulating septum (previously described in Figure 4-16, Section 4.1.3) both submerged or at the ALI.
The experiment was repeated 4 independent times in quadruplicates. 2 of the 4 biological samples
were from healthy donors and 2 were from asthmatic donors. TERs of cultures from healthy donors
increased over time, from 362186 Q on day 7 to 1228479 Q on day 14 and 1317+87 Q on day 21.
TERs of cultures from asthmatic donors decreased over time, from 1266+115 Q2 on day 7 to
810+20 Q on day 14 and 519+17 Q on day 21.

As shown in Figure 5-21, if the culture is submerged, the impedance spectra for primary cells has
the same features as for cell lines (i.e. to high TERs correspond high low frequency impedance
magnitude values and more pronounced depths in the phase angle). However, for the ALl cultures
there is a difference >2000 Q between high-frequency values of the same culture over time. These
differences might be due to several factors:

e Setup related variation: differences in measurement parameters such as temperature,
relative position between the support and the electrodes or electrodes wearing.

e Culture related variation: the biology of primary cells is more complicated than a cell line.
Primary cells undergo polarisation and differentiation and start to produce mucus during
the 3 weeks that they grow on a support. All these variations could affect the measurement.

The variation of the impedance spectrum as cell grow is small compared to the other factors

resulting in instability in the fitting algorithm and making impossible a consistent fitting. Such
analysis would be possible if all the setup-related artefacts are cancelled.
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Figure 5-21 Impedance spectra of a growing culture of primary bronchial epithelial cells at the ALI.
Impedance spectra are measured after 7, 14 and 21 days both submerged (a) or at the
ALl (b) together with standard TER. The plots are representative of 2 independent
experiments performed in quadruplicate from asthmatic donors.

Barrier disruption

After the cells were cultured for 21 days on a commercial support, their barrier was disrupted with
EGTA. In each experiment, 2 replicates are treated with EGTA and 2 replicates are used as control
(same amount of growth medium added). To assess if the system can measure EGTA disruption,
cells were measured with conventional electrodes and with the custom system (third design from
Figure 5-13), with the tissue submerged or at the ALI, before and 10 minutes after the stimulation.
Impedance spectra are shown in Figure 5-22. A marked drop in impedance (1Zlpefore=6500 €2,
1Z1.#er=2000 Q) was observed for the treated submerged cells (TERbefore=1680 Q, TERafter=340 Q0),
while 2 overlapping curves were measured for the submerged control (TERpefore=1490 (2,
TERarer=1210 Q). Similarly, the ALl control spectra overlaps, while the EGTA treated cells show a
small variation in both impedance magnitude and phase angle (IZlpefore=7000€2, 1Zl,fter=5800€2).

A quantitative analysis of the drop of the barrier induced by EGTA is described in Figure 5-23. Data
relative to cultures deriving from healthy or asthmatic donors were segregated to analyse the
different responses to EGTA. Equivalent resistances are determined from a fit to the impedance
spectra, before and after addition of EGTA or growth medium. It is possible to compare the ALl
spectra before and after stimulation because the measurements are performed in a single
experiment, thus limiting the number of artefacts. Barrier change is computed as the ratio of post-
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stimulation to pre-stimulation equivalent resistances. Averages and standard errors of the mean
were obtained from 2 independent experiments with 2 replicates for each type of cells (healthy,
asthmatic).
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Figure 5-22 Effects of EGTA on differentiated PBECs (Day 21) measured under submerged (a, b) or
ALl conditions (c, d). Impedance spectra are measured before (Red) and after (Green)
addition of EGTA (Treated, a, c) or growth medium (Control, b, d). Curves are
representative of 4 independent experiments in duplicate for treated and controls.
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Figure 5-23 Differentiated PBECs barrier disruption with EGTA. Equivalent resistances are fitted
from impedance spectra of differentiated (a) healthy or (b) asthmatic PBEC cultures
measured before and after addition of EGTA or medium. The drop is calculated as the
ratio of the post-stimulation value to the pre-stimulation equivalent resistance. Results
are means + SE of 4 independent experiments performed in duplicates for control and
treated conditions (*p<0.05, **p<0.01, ***p<0.001 for comparison between control
and EGTA stimulated cultures using a one-tailed paired Student’s t test).
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Healthy and asthmatic cultures shown a similar response to EGTA, with each measurement of the
treated cultures being statistically lower than its control. For the healthy cells, the measurements
of control cultures shown small differences from pre-stimulation values, with ratios of 79t5% for
the TER, 82+27% for the submerged impedance and 118:+16% for the ALl impedance. The
measurements of healthy cultures treated with EGTA shown a marked drop from pre-stimulation
values, with ratios of 22+2% for the TER, 18+9% for the submerged impedance and 70£10% for the
ALl impedance. Treated values were lower than the controls with significance p=0.00001, p=0.002
and p=0.001 for TER, submerged impedance and ALl impedance, respectively. For the asthmatic
cells, the measurements of control cultures had ratios of 126£72% for the TER, 90+33% for the
submerged impedance and 98+21% for the ALl impedance, whereas the measurements of cultures
treated with EGTA had ratios of 23+11% for the TER, 11+3% for the submerged impedance and
34+24% for the ALl impedance. For the asthmatic cells treated values were lower than the controls
with significance p=0.015, p=0.001 and p=0.003 for TER, submerged impedance and ALl impedance,
respectively. The amount of EGTA added to the cultures was sufficient to chelate all the calcium
ions from the solution and completely disrupt all the tight junctions, therefore a uniform response
for healthy and asthmatic cells was expected. In the future, smaller amount of EGTA could be added
to study the different dose-dependent response of the two cell types.

Values for EGTA-induced drop of epithelial electrical properties can be found in the literature for
primary cells and cell lines: Coyne et al. [146] reported a drop of TER for a primary, static culture of
human airway epithelial (HAE) cells down to 12.5% of the original value; Sun et al. [66] reported a
drop for a static culture of 16HBE cells to 20% of the original value when measured with
conventional TER methods and down to 80% of the original value if measured with a cis-impedance
system. Henry et al. [64] reported a drop in trans-impedance of a microfluidic culture of intestinal
cells down to 35% of the pre-stimulation value. The experimental measured drop in TER is in
agreement with the ones reported in the literature. The drop measured with cis-impedance is
lower than the one reported by Sun et al. because of the different sensitivities of the two systems,
as previously explained.

To verify the barrier disruption induced by EGTA, control and stimulated cultures were fixed and
immunofluorescently stained for actin, occludin (a protein component of the tight junctional
complex) and DNA (nuclei). A comparison between a treated and a control culture is shown in
Figure 5-24. In control, unstimulated cultures the images show that TJs are homogenously
distributed across the tissue and form an organised honeycombed structure with strong pericellular
staining of occludin. This is representative of an established epithelial barrier. It can be observed in
the superimposed images that TJs are properly located on top of the intercellular actin filament.
After EGTA treatment, there are areas where the occludin and the actin networks are completely
disrupted. In this condition there is no barrier and the tissue is extremely leaky. This morphological
analysis for cultures of PBECs is confirmed in the literature: the control is equivalent to the one
observed by Hardyman et al. [147], whereas the effects of the EGTA stimulation are similar to the
ones reported by Vermeer et al. [148]. The number of cells surrounded by an uninterrupted
perimeter of occludin was 10521 for the control and 35£25 for the treated culture. The drop down
to 33% of the original value was statistically significant and similar to the electrical measurement.

The sensitivity of the planar circular segments electrodes with an insulating septum is sufficient to
measure variation in the electrical properties of a primary bronchial epithelial tissue cultured on a
commercial support at the ALI. Large variations in signal associated with EGTA barrier disruption
can be quantified, whereas small variations associated with barrier establishment over time that
are also affected by the previously described setup-related errors lead to instability of the fitting
algorithm.
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a) CONTROL b) TREATED

Figure 5-24 Immunofluorescence staining of PBEC cultured at the ALI on commercial supports 10
minutes after addition of growth medium (a, Control) or EGTA (b, Treated). Tls
(occludin) are stained in Green, while nuclei are stained in Blue and actin in Red. Tls
are reported as stand-alone (Top) or in superimposition with actin filaments and
nuclei(Bottom). In the treated condition, the tissue present areas where TJs are heavily
disrupted. Images are representative of 4 independent experiments performed in
duplicate for control and treated conditions. 100x magnification.

5.4 Electrical characterisation of epithelia cultured in fluidic conditions

This section describes the experimental results obtained with cells cultured under constant
perfusion conditions (30 pl/hr). All the experiment reported in this section were performed with
the microfluidic device from Figure 4-12, with integrated circular segments coplanar electrodes
(second design in Figure 5-13) coated with Pt-black.

5.4.1 Electrodes fouling

The microfluidic device was operated for 66 hours under constant perfusion with cell culture
medium to assess the extent of electrode fouling. Selected impedance spectra over time are shown
in Figure 5-25 together with the fitted values for the constant phase element parameters. The
system showed a reduction in electrode polarisation over time. The impedance magnitude at 100
Hz decreased from a starting value of 1170 Q to 1050 Q after 86 hours, while the phase angle at
the same frequency varied from -25.7° to -24.2°. The fitted parameters also show a reduction of
electrode polarisation with the constant phase element amplitude decreased by 10% while the
exponent increased from 0.476 to 0.493 indicating a more resistive behaviour. This variation does
not have a detrimental effect on the measurement and is automatically accounted for during the
fitting of the impedance spectra.
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Figure 5-25 Assessment of electrodes fouling effects. A device is operated with cell culture medium
for 66 hours and the impedance spectrum is measured every 6 hours. Selected spectra
are reported (a). Fitted values for the exponent (b) and amplitude (c) of the constant
phase element relative to electrodes polarisation are reported as functions of time.

5.4.2 Continuous monitoring of 16HBE cells

Cells were cultured in microfluidic conditions to assess if the system is capable of supporting and
monitoring cellular growth and barrier formation. 16HBE cells were cultured in the device for 6 days
and impedance spectra measured every 6 hours. The evolution of measured electrical properties is
shown Figure 5-26. The impedance magnitude at 300 Hz was 610 Q2 when cells were seeded,
increased to 1230 Q after 24 hours, to 1430 Q after 54 hours and stayed constant afterwards. The
phase angle depth decreased from the initial baseline to -20° after 24 hours and to -27° after 54
hours. A similar trend was observed in the fitted equivalent resistance which increased over the
first 2-3 days up to 1100 Q and stayed constant afterwards. Data points where the equivalent
resistance reaches high values (>2000 Q2) were sometimes observed and were deemed dependent
from the measurement apparatus rather than from actual biological variations of the epithelial
barrier.
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Figure 5-26 Continuous monitoring of 16HBE140- growth. Cells are cultured in the device in
microfluidic conditions for 6 days and impedance spectra are measured every 6 hours.
Impedance spectra for selected time-points (a) and fitted cell resistance parameters
over time (b) are shown. Results are representative traces of 3 independent
experiments.

To compare tissue grown in microfluidic or static conditions, cells were cultured on 4 standard
Transwell® supports in parallel with the microfluidic device. The experiment was repeated 3 times
and data are shown in Figure 5-27.

Equivalent cell resistance values obtained with the two systems were comparable: both systems
indicated the establishment of a barrier in the first 3 days, followed by a small decrease in electrical
properties in subsequent days, in agreement with the literature. A t-test was performed to compare
means obtained with the different measuring systems after 3, 5 or 6 days (assuming equal variance
of the two populations). The two cultures were not statistically different because the null-
hypothesis of equal mean couldn’t be rejected in any of the cases
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Figure 5-27 Comparison of 16HBE cell growth and polarisation in microfluidic or static (Transwell®)
conditions. Cells were cultured in parallel in a microfluidic device and in 4 static
Transwell® for 6 days. Tissue electrical properties are measured every 12 hours for the
automated impedance system or at selected days for the commercial system. Results
are means + SE from 3 independent experiments (blank are subtracted from the static
data). The two cultures are not statistically different after 3, 5 or 6 days.

5.4.3 Monitoring Poly(l:C)-induced barrier disruption

After 6 days of culture, the barrier was disrupted for cells growing in the microfluidic device and in
2 static Transwell® supports by stimulation with Poly(l:C). The other 2 static supports were used as
control.

Electrical properties of cultures were monitored over time after stimulation, as shown in Figure
5-28. Impedance spectra of the microfluidic chip were measured every hour with integrated planar
electrodes, while commercial electrodes were used to measure TER of static cultures after 3 and 17
hours. Impedance spectra indicated a drop in barrier properties after 3 hours, which continued
after 9 and 15 hours. Equivalent cell resistance values were computed and compared with TER
values of static cultures. All values were normalised to pre-stimulation values to obtain information
on the resistance change induced by poly(l:C) stimulation. Post stimulation resistances of control
static cultures were not statistically different from pre stimulation ones. Treated static cultures
show significant changes down to 61+8% of the original value after 3 hours and to 22+4% after 17
hours. Microfluidic cultures show the first significant drop after 3 hours down to 84+5% of the
original value and a continued drop over time, reaching 54+10% after 17 hours. These values are in
good agreement with values of poly(l:C) disruption of static cultures of 16HBE found in the
literature. Rezaee et al., [139] reported a drop in TER of 50% after 3 hours and 80% after 24 hours,
Blume et al., [126] reported a drop in TER of 50% after 3 hours and 70% after 24 hours; and Heijink
et al., [149] reported a drop of 20% after 3 hours and 60% after 24 hours.
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To verify the poly(l:C)-induced barrier disruption, cultures were fixed and stained for occludin, actin
and nuclei 17 hours after stimulation. Representative fluorescence images are shown in Figure 5-29.
In control static cultures, TJs had a well-organised structure, were located in correspondence to
intercellular actin filament and formed a uniform and continuous network, indicating good barrier
properties. In treated static cultures, the intensity of intercellular occludin signal was low. TJs were
located only in small regions of the tissue, indicating poor barrier properties. In treated microfluidic
cultures, a TJs network was present and corresponded to the actin structure. The network was less
homogenous than the control static culture and TJs were rearranged around clusters of cells rather
than individual cells. The disruptive effects of poly(l:C) on occludin disposition on 16HBE cells
shown in Figure 5-29 are equivalent to the ones reported by Rezaee et al. [139]. The number of
cells surrounded by an uninterrupted perimeter of occludin was 2019 for the control static culture,
1+1 for the treated static culture and 5x1 for the treated microfluidic culture.

From immunofluorescence images and electrical data, it is possible to infer that cultures in the
microfluidic device undergo a smaller barrier disruption compared to the static cultures after
poly(l:C) stimulation. This effect can be explained considering that the long-term effective
concentration of poly(l:C) in the microfluidic device is smaller than in the static supports. The
amount of poly(l:C) present in the static supports is constant over time, while it is not in the
microfluidic device where molecules that permeate through the tissue are removed by the
basolateral flow. A similar effect is present for synthesised pro-inflammatory proteins, which can
accumulate in the static cultures over time causing negative feedback effects but are removed from
the microfluidic culture [125].
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Figure 5-28 Effects of Poly(l:C) on tissue electrical parameters. Cells are grown in parallel cultures
of a microfluidic device and 4 static Transwell® supports. After 6 days of culture, the
microfluidic culture and 2 static supports are stimulated with Poly(I:C) (5 pg/ml), while
2 static supports are used as control. The microfluidic culture is monitored with
impedance measurement every hour, while TER is measured on commercial supports
after 3 and 17 hours. Selected impedance spectra (a) and evolution over time of
equivalent cell resistances (b) are shown. Equivalent cell resistances are normalised to
pre-stimulation values. Results shown are representative traces or means + SD of 3
independent experiments. *p<0.05, **p<0.01 and ***p<0.001 for comparison
between pre- and post-poly(l:C) stimulation.
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Figure 5-29 Immunofluorescence staining of 16HBE cells. Cells were cultured in parallel on a
microfluidic device and on static Transwell® supports. After 6 days of culture, cells are
stimulated with Poly(l:C) to induce a barrier disruption. 17 hours after the stimulus,
cells were fixed and stained for occludin (Green), actin (Red) and nuclei (Blue). A
treated microfluidic culture (a), a control static culture (b) and a treated static
culture (c) are shown. Images are representative of 3 independent experiments. 100x
magnification.
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Figure 5-30 Effects of poly(l:C) on impedance spectra. Measurements are performed every 15
minutes after the poly(l:C) stimulation. Spectra for the significant impedance drop
from 2 to 3 hours are shown. The high sensitivity of the electrodes design allows barrier
disruption to be closely observed.

The automation and sensitivity of the device allowed measurements of tissue electrical properties
variation with a fine temporal resolution. This can be observed in Figure 5-30, where the drop in
impedance after poly(l:C) challenge is observed with a 15 minutes resolution.

In summary, the proposed microfluidic device was suitable to monitor the barrier establishment of

a submerged culture of 16HBE cells for 6 days and for the measurement with fine temporal
resolution of the extent of barrier disruption induced by poly(l:C) stimulation.

125



5.5 Discussion and conclusions

This chapter described the experimental characterisation of the platform for epithelial cell culture
and barrier monitoring developed in the project. First, the electrodes were tested without cells to
establish a baseline. Then, they were used to monitor electrical properties of epithelial cells
cultured in static conditions on commercial supports under submerged or ALl conditions. Lastly,
cells were cultured in the device under submerged, constant perfusion condition and monitored
with the integrated electrodes.

Characterisation of the device in the absence of cells was performed to analyse the effects that
system parameters have on the impedance measurement. The 4 parameters considered were
solution temperature, solution concentration, electrode polarisation, and electrodes fouling under
perfusion. Temperature variations affect the mobility of the ions, modulating the solution
conductivity. An increase in temperature caused a decrease in measured impedance which was
linear both at low and at high frequencies, in agreement with the literature. Increasing the salt
concentration of a solution results in higher conductivity and lower Debye’s length. The impedance
at high frequencies depended linearly on the concentration, because polarisation effects were
negligible. A Pt black coating was used to reduce low frequency electrode polarisation. The coated
electrodes show good performance down to 100 Hz, in agreement with the literature. The system
shows no relevant electrode fouling after 84 hours under constant cell culture medium perfusion.
Preliminary characterisation highlighted the necessity of the Pt black coating and suggested that,
in a controlled environment, minimal variation of the measured impedance induced by variation in
the system parameter are to be expected.

A preliminary characterisation of static cultures was performed to assess the soundness of the
proposed methods. The possibility of material cytotoxic effects was excluded by comparing cell
growth on commercial and on custom static supports. After 6 days the two cultures had similar
barrier properties, as indicated by a non-significant difference in TER values and by similar
structures after immunostaining. The electric field applied during the measurement was found to
disrupt the cell construct barrier. The disruption was dependent on the applied potential but was
recovered over time. A potential that had no significant effects on the culture barrier properties
was determined and used in all the other experiments. The feasibility to monitor the establishment
of the cell culture barrier with planar electrodes was confirmed by the linear correlation between
the impedance spectra measured with a trans-epithelium or cis-epithelium electrodes
configuration. The device materials, structure and electrical measurements yielded responses
comparable to those obtained with current standards in tissue culture.

Different planar electrodes geometries were tested to validate the numerical optimisation
performed in the modelling chapter. The general guideline of increasing the basolateral resistance
proved effective and led to the circular segment electrode design, with a sensitivity 16 times larger
than the design from the literature. The sensitivity was found to increase to 45-fold compared to
the design from the literature with the insertion of an insulating septum between the electrodes.

The effects of different medium volume in the apical compartment was analysed for a static cell
culture. The measured sensitivity decreased logarithmically with decreasing apical volume. The
minimum amount of apical liquid in required for a measurement with the circular segments planar
electrode was found to be 10 pl. If the apical volume is above this limit, impedance spectra can be
used to monitor the establishment of the barrier, and tissue equivalent electric parameter are
qualitatively and quantitatively comparable to values measured with the commercial system.
Otherwise the variation in impedance induced by the barrier formation cannot be detected. The
measurement of electrical properties at the ALl was demonstrated on a primary culture of bronchial
epithelial cells using the circular segments electrodes with an insulating septum. The establishment
of the barrier induced an observable variation in the impedance spectra, but this could not be
quantified due to week-to-week variation in the setup which altered the baseline and hindered a
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consistent fit. The EGTA stimulation induced a significant drop in barrier that was comparable with
the drop measured by the current standard in biology TER methods. Healthy and asthmatic cells
did not show different responses to the EGTA challenge. The increased sensitivity obtained with the
new electrodes design was not sufficient to allow measurement of cell electrical properties at the
ALl; an insulating barrier will be required to reach that goal.

Finally, the monitoring of a culture of 16HBE cells grown under constant perfusion was
demonstrated with integrated electrodes. Polarisation and barrier formation were comparable to
standard systems. Cells cultured in the microfluidic system showed a response to a viral infection
equivalent to the one normally observed in static cultures. The device provided more information
than the standard measuring systems because time-points could be collected more frequently and
because the complex impedance was measured.
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Chapter 6: Conclusions and future work

In this thesis, the design, simulation, modelling, optimisation, fabrication and experimental
characterisation of a novel organ-on-chip device for epithelial cells culture and epithelial barrier
monitoring were described. In the device, cells cultured on top of a nanoporous support were fed
by constant perfusion of growth medium in a basolateral microchannel and barrier properties were
monitored in real-time with integrated coplanar Pt/Pt-black electrodes. Finite element method
(FEM) simulations were used to guide the development of a new coplanar electrode design formed
by 2 circular segments electrodes divided by a polymeric septum. The high sensitivity of the novel
electrode design enabled the measurement of epithelial electrical properties directly ALl and was
used to measure the drop in barrier properties of PBEC cultured on Transwell®, induced by
stimulation with EGTA. The microfluidic device was used to culture 16HBE cells for 6 days and to
monitor the establishment of the epithelial barrier under submerged conditions. Moreover, the
barrier drop induced by stimulation with a viral mimic (poly(l:C)) was observed.

6.1 Contributions to the field of organs-on-chip

In this work, several original contributions that improved the state of the art of the organ-on-chip
technology were presented. These contributions were developed as solutions to application-
specific problems but the adopted approach can be extended to different organ-on-chip systems.

A new equivalent electric circuit was developed to enable a robust interpretation of tissues
electrical impedance spectra. Prior models were not optimized and over-fitted the system by using
an excessive number of independent parameters, yielding inaccurate or unreliable results. The
proposed model was obtained by considering the frequency-dependent behaviour of several
biological parameters and by discarding the parameters which had a second-order effect on the
total impedance. In this way, only the relevant parameters were fitted. A similar approach can be
used to develop EEC models for other organs-on-chip systems.

A new coplanar electrode design was developed to obtain a system capable of performing real-time
electrical measurement with high sensitivity of submerged or ALI cultures. Previous systems which
used trans-epithelium electrodes required a momentarily submersion of the tissue and could not
provide a good temporal resolution, whereas previous systems which used coplanar electrodes did
not have a sufficient sensitivity to probe the ALI. To determine the best electrode design, a circuital
analysis was performed and it was found that the basolateral resistance of the system should be
maximized in order to increase the sensitivity of the measurement. By following these design rules,
two novel electrode design with increased sensitivity were developed, one with parallel electrodes
separated by a gap and another with the addition of an insulating septum between the electrodes.
The design rules developed in this work can be used to optimize the electrode design of any organ-
on-chip which aims at measuring electrical properties of cells.

A new fabrication technique for the integration of porous support in microfluidic devices was
developed. The technique used a cell-friendly UV curable glue dispensed with a self-terminating
approach to ensure a glue-free culture area. The technique used 2 gluing steps to ensure a strong
and moisture resistant device. This technique can be used to integrate porous support in any organ-
on-chip system.

In this work, novel measurements of biological systems were also performed. The measurement of
electrical properties of epithelia cultured at the ALI was demonstrated for the first time. The EGTA-
induced epithelial barrier disruption was analysed in these conditions. This measurement is
relevant for all studies focusing on epithelia from the respiratory tract. Moreover, the measurement
of cell lines, healthy primary cells and asthmatic primary cells was demonstrated with the same
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approach, illustrating the flexibility of the technology. Lastly, the study of the temporal kinetic of
poly(l:C)-induced epithelial barrier disruption of cells cultured in a microfluidic device was
demonstrated, showing the unique capabilities of the proposed microfluidic device with integrated
electrodes.

6.2 Setup improvements

Moving forward, some features of the device and of the setup can be improved to ensure a more
robust and reliable experimentation.

Experimental setup and device parallelisation

Currently, only one device at time was used. This was sufficient to demonstrate the feasibility of
growing and monitoring cells on-chip, but it will not be sufficient for future drug discovery
experiments, where a high-throughput is required. The main obstacle towards increased
parallelization was the unreliability of the setup combined with the high sterility requirements. The
electrical connectors were difficult to align and to fix in place, leading to the need to repeatedly
access the inside of the incubator to move the connector with a screwdriver. Several times, this
compromised the experiment due to contamination or chip breakage. Improvements could be
made to the setup to solve this issue. The new setup will ideally have better connectors, have built-
in bubble traps and valves, and will be compact enough to fit entirely inside a sterile hood, so that
any adjustment required can be performed in a sterile way, minimizing the risk of infections.

Mass-manufacturing

Currently, the components of the device are manufactured in the clean-room or in the laboratory
and the device assembled by manual gluing. This process is satisfactory to manufacture a few
prototypes, but the throughput must be increased for eventual commercialization. Several
improvements could be introduced to increase the production rates.

Electrochemical deposition of platinum black must be moved from single chip to wafer scale. The
deposition time of 3.5 minutes is amplified dramatically by coating one chip at time. To perform
wafer-scale coating, it is necessary to modify the photolithography mask and introduce tracks
connecting every device, which will be cut off during dicing. The wafer can then be submerged in a
beaker with the platinization solution and contacted on one edge. To ensure good deposition
uniformity, connecting tracks must be wide enough to ensure that the same potential is applied to
all chips. A platinum coated wafer mounted on a rack facing the working wafer can be used as
counter-electrode.

The production of PMMA chips could be improved by switching from laser ablation to injection
moulding. This technology change requires small differences in the design of the pieces, but
increases the production rate. Lastly, device assembly must be improved. This is currently the
bottleneck of the manufacturing process, requiring about 2 hours per chip. It would be possible to
improve this either by wafer-scale gluing or by adopting a different technology such as ultrasonic
welding.

Sterilisation

The sterility of each device is critical to avoid infections. Each device must be in a sterile package
before entering the lamina flow hood and opened only in sterile environments. Currently, each
device is sterilised with bleach and ethanol before use. This operation is time consuming and is not
feasible for high-throughput experiments. Commercial gamma radiation is available and would
constitute a better option for sterilization of higher volumes of devices.
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Control software

The Alpha-A from Novocontrol Technologies impedance analyser was used to perform
measurements. This machine is over-specified for this application, is bulky and can only be run with
the proprietary WinDeta software. In the future, the cheaper, smaller and lighter impedance
analyser C60 from Cypher [150] could be used. The specifics of this instrument are sufficient for this
application and it has the added advantage that it can be controlled with Matlab, allowing the
integration of the two control software packages. Additionally, all the valves in future setups will
be electric and, together with the syringe pump, controlled automatically by the same software
during experiments.

Conductivity measurements and additional sensors

The device has a pair of electrode additional to the electrodes used to monitor the cell construct.
These electrodes are designed to monitor the conductivity of the medium in the channel and detect
variation in the temperature during a long-term measurement. Additional electrodes could be
integrated to monitor other properties such as dissolved oxygen or pH.

Fraction collector

Electrical measurements give information on the overall culture barrier properties over time. To
better understand drug effects, it is of interest to couple this information with a time-resolved
analysis of cellular protein production rates. A fraction collector can be used to achieve this goal.
Fraction collector are systems that collect and store liquid fractions from the outlet of the devices.
Their main function is to prevent diffusion between two temporally different fractions. Two options
for a fraction collector have been presented in the method sections. The first consists of a
robotic xyz stage that moves a collection well plate underneath the device as reported by
Blume et al. [125]. The second is a microfluidic system where a fluorinated oil droplet is intercalated
between two medium fractions with a T-junction.

6.3 Biological experiments

This thesis focused on the technical aspects of the development of a microfluidic device for culture
and monitoring of epithelial cells. All the experiments performed involving biological samples were
aimed at the validation of the device, and used procedures or targets with examples in the literature
that could be used as comparisons. in this section some biological studies that could be performed
on this platform after its preliminary characterization are described.

Analysis of PDMS septum on culture

It was demonstrated on a Transwell® that the addition of an insulating septum between the
electrodes increases the sensitivity of the planar electrodes measurement. The septum needs to be
in contact with the support membrane to completely prevent electrolyte passage and be fully
effective. The integration of this septum in a microfluidic device might lead to problems concerning
the culture media distribution uniformity across the culture chamber. Cells growing on areas of the
nanoporous membrane in contact with the septum might not receive adequate nutrients and be
affected by the septum. The effects of a septum integrated in the microfluidic device must
therefore be investigated. It is important to note that the width of the septum is not a critical
parameter in the electrode design and it can be reduced to decrease the number of cells in contact
with it.
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Microfluidic cultures of primary epithelial cells

It was demonstrated that the device is able to sustain and monitor the growth of an epithelial cell
line. Additionally, it was demonstrated that the circular segments electrodes design is sensitive
enough to measure electrical properties of a culture at the ALIl. Future experiments would be to
monitor the growth of PBECs cultured on-chip at the ALl for 21 days, as recently performed by
Henry et al. [64] (2017).

Effects of stimuli on epithelial barrier

It was demonstrated that the device is able to detect the establishment of an epithelial barrier and
the drop associated with poly(l:C) or EGTA stimulation. It is biologically relevant to test which other
stimuli (e.g. pollen, cigarette smoke, nanoparticles) might have detrimental effects towards the
epithelial barrier. At the same time, it is possible to see which drug candidates have positive effects
on a disrupted culture and prompt a recovery of the epithelial barrier.

6.4 Future directions

Up to this moment, the full integration of electrodes within organ-on-chip devices was challenging
[64], but the proposed device might change this perspective. In fact, the new electrode design is
equipped with a high sensitivity and the unique flexibility to operate under submerged or ALI
conditions. Moreover, any organ-on-chip system aimed at culturing epithelial cells on a porous
membrane could benefit from the straightforward integration of the coplanar electrodes chip in
the basolateral side of the device. In fact, the core sensing element, i.e. the rectangular glass chip
with platinum electrodes, can easily be adapted to the geometries and bonded to the materials of
most common organ-on-chip devices. This integration could enable electrical measurements in
organ-on-chip devices focused on other features, becoming a shared standard and enabling a multi-
parametric analysis of epithelial tissues required to achieve high model predictivity.
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Appendix A  Data Fitting

Complex impedance spectra are fitted with electric equivalent circuits to obtain values for the tissue
equivalent parameters. A custom MATLAB script is developed to perform the fitting. Every fitting
problem can be transformed in a minimisation one by introducing an objective function defined as
the sum of residuals between the experimental data and the theoretical model: values of the model
parameters that best fit the curve are the ones for which the objective function is minimum.

A.1 Weighted Complex Non-linear Least Squares (CNLS)

In impedance fitting there are two sets of data (real and imaginary parts) that need to be fitted at
the same time by the same parameters. One way to define the objective function in this case is with
the complex non-linear least squares (CNLS) approach. In this approach, the objective function is
defined as the sum of squared residuals deriving both from real and imaginary parts:

N
® = Z \/(ReiEXP — ReMOP)? 4 (InEXP — [p0D)?
i=1

where the sum is extended to all the experimental frequency points measured. If real and imaginary
parts are of different order of magnitudes, the CNLS will fit only the biggest variable (which has the
biggest residuals associated with it) and disregard the smaller variable. To prevent this effect, the
two parts are commonly weighted to obtain comparable values [151]. One way to weight the data
is by proportional weighting, where each term is normalised to its experimental value: the objective

function becomes:
o fz” (ReiEXP - Re;WOD)Z N <1me1° - zmiMOD>
= EXP EXP
bt Re; Im;

4

2

A.2 Minimisation algorithm

Once the objective function is defined, it needs to be minimised. To perform this task, the
Nelder-Mead simplex algorithm was used. This algorithm is widely used even though convergence
has not been demonstrated for it [152]. This algorithm is an unconstrained direct search method
(does not use derivatives) which uses a low number of function evaluations at each iteration. In n
dimensions, the algorithm builds a simplex defined by n+1 vertices. At each iteration the algorithm
computes function values in the vertices, then considers allowed transformation of the simplex
(reflection, contraction, expansion and shrinkage) and computes function values in the new points:
if the function value in the new point is smaller than the function value in one of the vertices, the
new point becomes a vertex. The algorithm proceeds until no new points with lower associated
functions can be found or the maximum number of iterations is reached [153]. Computationally,
the algorithm is built-in in the “fminsearch” MATLAB function and is therefore straightforward to
implement.

A.3 Matlab script
The script has the following structure:

1. Software initialisation.
2. Global variables are defined.
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3. The names of the external comma separated values (CSV) files containing the data are
loaded.

4. Afirst guess on the fitting parameters is provided.

5. External impedance data are loaded.

6. Impedance magnitude and phase angle data are transformed in real and imaginary parts
of the impedance.

7. The objective function for the first guess parameters is evaluated.

The Nelder-Mead algorithm minimizes the function.

9. The fitted parameters are stored.

o

The custom script is provided below:

%%% COMPLEX NON-LINEAR FITTING

Script to fit cellular impedance spectra. This script fits the real and the imaginary part
% of the impedance at the same time with a custom weighted complex fit using squared residuals sum
minimization.
% Calls Zcells.m function which must be present in the same folder, together with the data as .txt
files.

% Initialise Matlab
close all

clear

clc

s Define global variables (is not elegant but works). f is the frequency,

s re is the real part of the signal and im is the imaginary part of the
signal. I could not use 'real' or 'imag' names because they are reserved.

% by Matlab.

global £f;

o

global re;

global im;

% Data file names. Must be .txt in 3 columns and no headers. See example.
% All filenames must be of the same length.
filenames=["'30ULO.txt";"'50ULO.txt"];

Number of files to analyse.
D=size (filenames) ;

% Initialise fitted parameters on the number of files to analyse.
br =zeros(1,D(1));
ar =zeros(1,D(1));
rc =zeros(1,D(1));
cc =zeros (1,D(1));
CPE_Factor =zeros(1,D(1));
CPE_Exponent=zeros (1,D(1));

% Cycle on the number of files to analyse.
for i=1:D(1)

% First guess parameters for the fit. br is the basolateral resistance[Ohm], ar is the
% apical resistance[Ohm], rc is the cell resistance [Ohm] (Tight Junctions),cc is the
% cell capacitance [F], CPE_Factor and CPE_Exponent are the dpuble layer

% parameters.

br_guess=1000;

ar_guess=50;

rc_guess=100;

cc_guess=10e-8;

CPE_Factor_guess=10000;

CPE_Exponent_guess=0.5;

% Pack all the first guess parameters in a single variable
p_guess=[br_guess,ar_guess,rc_guess,cc_guess,CPE_Factor_guess,CPE_Exponent_guess];

% Load Data
filename=filenames (i, :);
display(filename) ;
data=dlmread (filename, "\t');

% Transform from impedance magnitude and phase angle to real and imaginary
% parts.
re=data(:,2).*cos(data(:,3).*¥3.14/180);
im=data(:,2) .*sin(data(:,3).*3.14/180);
f=data(:,1);

f2 is the frequency expressed as log
£2=10gl10 (f) ;

% Custom complex fit function. Finds the minimum of the objective function
% defined as the weighted complex sqaured residuals sum.
% Uses Zcells.m function.

Returns all fitted parameters packed in p.
p=fminsearch(@Zcells,p_guess);

a0

% Compute model to compare with fitting

% Capacitance of the cell layer
Capacitance cell=1./(1j*2*pi*f*p(4));
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% Impedance of the cell layer. Parallel CC//RC
Z_cell:p(B)*Capacitance_cell./(p(3)+Capacitance_cell);

% Impedance of the electrodes. Constant phase element.
Z_CPE=p(5)* (1j*2*pi*f) .~ (=(p(6)));

% Total impedance of the system. CPE + (ZC+RA)//RB
7_total= Z _CPE+(p(2)+Z_cell)*p(1)./((p(2)+Z_cell)+p(1));

% Plot fitted data vs real data. ALWAYS CHECK!
figure ()

plot (f2,real (Zz_total))

hold on

scatter (f2, re)

figure ()

plot (f2,imag (Z_total))

hold on

scatter (£2, im)

% Plot residuals. Should ideally be randomly distributed.

figure ()

plot (£2, zeros)

hold on

scatter (f2, (re-real (Z_total)),3,[0 0 1])
hold on

scatter (f2, (im-imag(Z_total)),3,[0 1 0])
legend('Real Part','Imaginary Part')
ylabel ('Residual')

xlabel ('Frequency [Hz]"')

% Store parameter values
br(i)=p(1);
ar(i)=p(2);
rc(i)=p(3);
cc(i)=p(4);
CPE_Factor (i)=p(5);
CPE_Exponent (1)=p(6) ;

end

% Plot fitted parameters for different files (if files are in chronological
orde gives evolution of TER over time

figure ()
plot(rc(:)
figure ()
plot(cc(:)

)
)

function Fce = Zcells (p)

o0

Define global variables (is not elegant but works). f is the frequency,
re is the real part of the signal and im is the imaginary part of the
signal. I could not use 'real' or 'imag' names because they are reserved.
by Matlab.

global £f;

global re;

global im;

oo o

o

% Set objective funtion to zero
obj=0;

% Capacitance of the cell layer
Capacitance_cell=1./(1j*2*pi*f*p(4));

% Impedance of the cell layer. Parallel CC//RC

Z cell=p(3)*Capacitance cell./(p(3)+Capacitance cell);

% Impedance of the electrodes. Constant phase element.
Z_CPE=p (5) * (13*2*pi*f) ." (= (p(6)));

% Total impedance of the system. CPE + (ZC+RA)//RB

7 total= Z CPE+(p(2)+Z cell)*p(l)./((p(2)+Z cell)+p(1l));

% Compute squared residuals sum.

% Real and imaginary parts are weighted to obtain similar values and have a
% good fit on both plots.

for i=1:length (f)

obj=obj+sqgrt( (( (real(z total(i))-re(i))/re(i) )2 + ( (imag(Zz total(i))-im(i))/im(i)

end

o

% Returns the objective function
Fce=0bj;

end
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Appendix B  Finite Elements Simulation

Finite element simulations are performed with COMSOL Multiphysics®.
The Creeping Flow module was used to perform the fluidic simulations while the AC/DC module
was used for the electric ones.

B.1 Fluidic simulations

Geometry
The geometry of the channel was reconstructed in the software using the model builder.

Materials
“Water, liquid” from the built-in material library was assigned at all domains.

Mesh
An “Extremely fine” mesh was adopted.

Boundary Conditions:
e A normal mass flow rate of 8.3 10° kg/s was assigned to the inlet
e Atmospheric pressure was assigned to the outlet.
e No-slip conditions were assigned to all other boundaries.

Study
The steady state was considered.

B.2 Electric simulations

Geometry
The geometry of the measuring chamber was reconstructed in the software using the model
builder:
e Electrodes were recreated on the bottom geometry plane.
e A 100mm cylinder (C1) was created on top of the electrodes. It represents the basolateral
compartment.
e A 30mm cylinder (C2) was created on top of the previous cylinder (C1). It represents the
cell layer.
e A 300mm cylinder (C3) was created on top of the previous cylinder (C2). It represents the
apical compartment.

Materials

e Conductivity was set to 1.47 S/m in the apical and basolateral compartment and to
9 10*S/m in the cell layer.
e Relative electric permittivity was set to 1 on all the domains.

Mesh
An “Extremely fine” mesh was adopted.

Boundary Conditions:
e One electrode was set to 1 V and the other was set to the ground potential.
e Electric insulation was assigned to all other boundaries.

Study
The steady state was considered.
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Appendix C Fabrication Recipes

The microfluidic device fabrication steps, their order and location are reported in the following
table:

Table 3 Device fabrication steps

Step Number Step Name Location
1 Wafer Cleaning Cleanroom
2 Platinum Deposition Cleanroom
3 $1813 Photolithography ||Cleanroom
4 Platinum Etching Cleanroom
5 Wafer Cleaning Cleanroom
6 TMMF Photolithography||Cleanroom
7 Scribing Cleanroom
8 Manual Dicing CHB lab
9 Pt-Black Deposition CHB lab
10 Device assembly CHB lab

C.1 Clean Room

Wafer cleaning

e Submerge the wafer in a beaker filled with fuming nitric acid (FNA) 99.5% for 2 minutes.

e Rinsein D.l. water.

e Spray each side of the wafer with alternate washing of acetone and isopropanol for 3 times
and dry with nitrogen.

e Leave overnight in dehydration oven.

Platinum deposition

After the deposition of an adhesion promoter layer of Titanium (5 nm), a 100nm film of platinum is
deposited using the sputtering Helios machine (Buhler Inc.). This step was kindly performed by 3
different cleanroom technicians: Miss Katie Chamberlain, Miss Sarah Helps and Miss Ying Tran. To
achieve the deposition, a platinum target is bombarded with energetic particles (Argon) in a high-
vacuum environment. The collision between a particle and the target causes the physical release of
platinum ions. Such ions are not stable and tend to deposit on all surfaces, including the substrate.

$1813 photolithography
e Spin-coat S1813 photoresist (Microposit) at 500 RPM for 30s with 5000acc.
e Softbake at 95°C for 1 minute.
e Align the wafer and expose with a dose of 92mJ with the EVG620TB mask aligner (EV group).
e Develop for 50s in MF319505 developer (Microposit) bath.

e Rinse for 50s in a DI water bath for 2 times.
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Platinum etching
The platinum etching step is performed with an ion beam etch with the lonfab 300 (Oxford
Instruments) machine. The etching parameters are reported in the following table:

Table 4 Platinum etching parameters

Beam Neutralizer Current 552 mA

Beam Neutralizer Bias 15.6V

Beam Neutralizer Discharge 610 mA, 18V
Beam Neutralizer Heater 2494 A,4V

RF Generator 570 W, 2 W reflected
Beam Current 200 mA
Voltage 603V
Accelerator 2mA, 301V
Faraday Cup 0.07mA/cm?
Time 27 min

TMMF photolithography

Spin-coat the adhesion promoter TI-Prime (Microchemicals GmbH) at 500 RPM for 30s
with 5000acc.

Laminate 2 films of TMMF S2055 (TOK Ltd.) on top of the wafer (Mount=0ON, Speed=1,
T=80°C).

Align the wafer and expose with a dose of 480mJ with the EVG620TB mask aligner (EV
group).

Post-exposure bake: ramp up to 90°Cin 3 min, dwell for 6 min, ramp down to 50°Cin 4
min.

Develop for 16 min in EC solvent UN3272 (Microposit) followed by a quick rinse in
isopropanol and nitrogen drying.

Hardbake: ramp to 170°C in 10 min, dwell for 15 min, ramp down to 20°C in 15 min.

Scribe & Dice
Wafer are scribed using a precision scriber (speed=40mm/s, pressure=0.15, depth=0.2mm) and
diced manually into single chips.

C.2

Platinum black deposition

Electrochemical deposition of platinum black is obtained by submersion of the working electrode
and a platinum counter electrode in a solution composed by 8 mg of lead (Il) acetate trihydrate
and 1 g of chloroplatinic acid hexahydrate in 30 ml of deionized water. Deposition parameters:

Working electrode potential =0V
Counter electrode potential =3.5V
Maximum current limit = 2 mA
Deposition time = 210 sec
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Appendix D  Statistical analysis

Statistical methods were used in the analysis of experimental data to assess if an observed trend
was statistically relevant. In this section, test used, adopted formulas and brief explanations are
presented.

D.1 Standard deviation

The standard deviation (SD) of a data set is a measure of its dispersion around the mean. It gives
information on data variability. The formula used to compute the SD is:

SD =3y, (x; — %)? (6.1)

N-1

where N is the number of samples, x4, ..., X;, ..., Xy are the observed values and X is the mean of
the N observed values. When the number of samples is big enough (ideally N — o0), the SD of the
observed values approaches the standard deviation of the population [154].

D.2 Standard error

The standard error of the mean (SE) of a data set is a measure of the confidence on the value of the
mean. It gives information on how distant is the sample mean from the population mean. The
formula used to compute the SE is:

_ SD
SE = =20 [ (i -0 == (62)

When the number of samples is big enough (ideally N — o), the sample approaches the
population, the mean of the sample approaches the mean of the population and the SE — 0 [154].

D.3 Student’s t-test

Student’s t-test is a method that can be used to find the probability associated with the mean of a
sample being equal to a certain value [155]. The formula used to find the t-value is:

X—Uo _ X—Uo
SE

t = SD/ (6.3)
VN

where 1, is the reference value. The t-value follows a t-distribution with N —1 degrees of
freedom. The cumulative probability p associated with the t-distribution is the probability that the
sample occurred by chance. The threshold p < 0.05 is assumed as the limit for statistical
significance if the value X can differ from the reference py only in one direction (one-tailed),
whereas the values p < 0.025andp > 0.975 are used as thresholds if the mean of the sample
can be higher or lower than the reference value (two-tailed) [156].

Paired t-test
This test can be used to compare the means of 2 paired groups. The t-test becomes:

(6.4)

D]

where d is the mean of the differences between the paired samples.
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Homoscedastic t-test
This test can be used to compare the means of 2 groups deriving from populations with equal

variance. The t-test becomes:

1 1
SD /N—1+N—2
where X; and X, are the means of the samples and N; and N, are the numbers of samples in each
group.
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