Inner retina

Photoreceptors

Degenerated Healthy

Development, characterization, and application of intraretinal
implants

Viviana Rincon Montes

Information
Band/ Volume 67
ISBN 978-3-95806-553-6

IJ JULICH

Mitglied der Helmholtz-Gemeinschaft Forschungszentrum



Forschungszentrum Jilich GmbH
Institute of Biological Information Processing
Bioelectronics (IBI-3)

Development, characterization,
and application of intraretinal implants

Viviana Rincdon Montes

Schriften des Forschungszentrums Jilich
Reihe Information/Information Band/Volume 67

ISSN 1866-1777 ISBN 978-3-95806-553-6



Contents

Eidesstattliche EXKIATUNG ......cc.ooviiiiiiiieieieee ettt st et I
AADSITACE ...ttt h bt h et h bbbttt ettt nene 11
ZUSAMMENTASSUINZ ...ttt ettt ettt b e bt et bttt e st et e st e sbe e st et enbesbeeseentenbeens \Y
COMLEIILS ..ttt ettt ettt ettt ettt ettt e be et et sa e ebe et aesbesaeeae et enne e VII
ADDTEVIATIONS ..ottt ettt sttt b e bt ettt b e bt et et bt e bt et e st sbeeat et b e XI
To 0 INEEOAUCHION .ottt ettt st 1
2. BaCKGIOUNG. ..c.eiiiiiiiiiiitiit ettt ettt e 5
2.1. The sense of vision and the retina .........c..cccovivieiiiniriiiiiinciicceeee s 5
2.1.1. The visual PAtIWAY ..cceeieieiieieieeeeee ettt st 5
2,120 TRE TEHNA ..ottt ettt sttt sttt 6
2.1.3.  Retinal degenerative diSCASES ........ccvvieierieriirrieieriesteeeeeesiesseeseeseesessesreessessessesneas 10

2.2, NEUIAL INTETTACES ....eoveienieiieiieieiecet ettt ettt e ene e 11
2.2.1.  Overview of medical appliCatiONS ..........ccervirrireiiieieeie e 11
2.2.2.  Types of Neural INETfACES ......evueeiiriiriiiieiieerteeee e 12

230 ViSUAL PIOSTRESES ....ouviiiiiieiieiecieeiee sttt ettt ettt st et 14
2.3.1. Retinal IMPIANTS ....oovviiieiieiieiecieeeeee ettt ettt et benne s 15
2.3.2.  Optic nerve and thalamic iMpPlants ..........c.cccoovieierierinieieiereeeeeee e 17
2.3.3. Cortical IMPIANES ....ccviivieeieieiecieeeeiet ettt ettt e e saeeseeseesaessesseeseensenseseeas 17

2.4, Neural stimulation and reCOTAING........c..ccueeriieriieiieiierieeee e 18
2.4.1. NEUTOPIYSIOIOZY . .eouiiiiriiiiieieieeieeee ettt 18
2.4.2.  Electrical model of the cell Membrane ............ccccoeeveriiieniininineeeeceee e 20
2.43. The electrode-electrolyte interface ............coccoverriniiiieininieiiiineeeececeeeee 22
2.4.4.  Neural StMUlAtion.........ccoeoviiiiiniiiiiiinceeeec et 23
2.4.5.  NEUral 18COTAING ...voovieiieieieiieiteiete ettt ettt ettt ettt ebesbeeaeeneenbesbeenean 24

2.5.  Requirements for the development of neural interfaces..........oceeeeevvevierenieieneniiiene 25
2.5.1.  BioCOMPAIDIIILY 1..eeveiieiieiieieiieeteeieie sttt ettt sneenees 26
2.5.2. Mechanical PrOPETLIES ......cc.erueerieriiriieiieienie sttt ettt ettt eneen 26
2.5.30 FOOIPIINE. .ottt ettt ettt 28
2.5.4.  Electrochemical PrOPeIties........ccceriririerieriiriieieiesieeieeieieste et eeetesre st eeeenresie e 28

3. Materials and MethOdS........ccoeciiiriiiiiiiiiii et 31
3.1, NeUTOtECRNOIOZY ..cuveieieiiieeiie ettt ettt ettt e e e eseesaeenneenes 31
3.1.1. FabriCation OVEIVIEW ......cccccueriiriirieiinienieeitente sttt sttt ettt ettt st 31
3.1.2.  Substrate and encapsulation Materials ...........ccoceevereririeiinenineereeeee e 32
3.1.3.  Electrode Materials.........coeririeiieniiiiieiieiesit sttt 35

3.2.  Electrochemical characterization ............cccocoueeirinieieininieiiiieceec et 36
3.2.1.  Electrochemical impedance SPECtrOSCOPY ....ccververriereeierierienieeieienieneeseeeeeeeniesreens 36
322, CYCHC VOIAMIMEIIY ....vieiieiieiieiieiieieie ettt ettt sttt ae et et e s e saesseeneenbesreens 36
3230 VOltage tranSICNLS. ..ueeueeeieieeeeteeeieiete st eiteteste st eteetesseeteeseenaesesseeseeneensesseeseensensens 37

3.3, EXPerimental SETUD .......coerueriiiieieriieiieieste sttt ettt sttt ettt sttt b 38
3.4, Recording/stimulation SYSTEIM .........ccueciiiriirieiriniiieieicnteteteec ettt 39
3.5, RetiNal SAMPIES ....eeviriieiieiiiieiieee ettt sttt e eneen 41



VIII Contents

3510 ANIMAIS .ottt et 41
3.5.2. ReEtNA PIEPATALION ....evieeieiieieetietieiente et eeteteste et entebesteeseensesesseeseensensessesseensensesseans 41
3.6, In vitro electroOPhYSIOIOZY ..cc.ecueeieriieiieiieieite ettt et sae e 42
3.6.1.  Treatment with high potassium CONCENtration............ceevververeeeerierresreeieierieseenens 42
3.6.2.  Light SHMUIAtION ...c.eiiiiieieiieieieeieeieee ettt et ere s sbeereens 42
3.7. Biological CharacteriZation...........cccueeeerierieeieeie et et et et e seesteesteeseae e enreeeeeseeseenes 42
3.7.1. Dead StAININGS .. .euveieeieeieieieeieeiteie ettt et sttt et esbe et et etestesaeeseensenbesbeeneebesbeene 42
3.7.2.  CoNfOCAl MICTOSCOPY -vvevververierienieierieetieietesteettetessesteeseesesseeseeneensensessesneensessesseens 43
3730 TIMAZE PIOCESSING ..ouvivierienieieeiieiieieteeteettentetesteeteesaesesseeseeseessesseeseeseensensesseeneensenns 43
3.8, Electrical StMUIAtION. ......c.ooiiiiiiiiiiiieieiieiee et 43
3.8.1.  Voltage-controlled stmUIAtion ............ccecueriiriiierienieeieiesieeee et 44
3.8.2.  Current-controlled stMUIAtioN..........ccerieiriierieieeeeeee e 44
3.9, StatiStICAl TESTINEZ ..eeuvertieeieiieieeieeitetete ettt sttt ettt be sttt 45
4. Silicon-based BIMEAS: A proof of CONCEPL......c.occeruiieiiriinieiiiirieieiieieeeesiceee e 47
410 SIBIMEAS .t 48
O B B 1) V4 s BSOSO UU P RRSTSPPT 48
4.1.2. FabIICATION ..eutiuiitiiiieiietietee ettt ettt ettt ettt ne e e 49
4.1.3.  Electrochemical PrOPeIties.........ccceriririerieriiriieieriesieeieeteieete et eseete e sieeeeeneesie e 49
4.2, Recording With ST-BIMEAS ......cccoeiiiiiiiiriieieieieetetee sttt s 50
4.2.1. Recording at different intraretinal depths in wildtype retinas ..........c.cccceeevererrnenn 51
4.2.2.  Recording responses to high extracellular potassium concentration ...................... 53
4.2.3.  Recording responses to light stmulation...........c.cccererieierienieneeieiene e 54
4.2.4. Recording from degenerated retinas .........cocceeeeeerieriieeeierieneeeeieiesie e 57
4.3.  Electrical stimulation and recording of the retina .............cceevevieveeceerienienieeeieiese e 60
4.4. Intraretinal inSErtion fOOIPIINES. .....eeivieriieriiesiieeiesie ettt staeseaeesaeeneeeneeas 64
4.5, OULLOOK ..ttt bbbttt sae e 65
5. Development of flexible BIMEAS..........c..cccoiiiiiiiiiicieectecseetee ettt 69
5.1. Design and fabrication CONSIAETALIONS ..........ccuerverririeierierieeieiesieereeeeetesee e ereeaenseseeens 70
5.2.  Fabrication of flexible BIMEAS .........ccootiiiiiiieceee e 72
5.2.1.  Flexible BIMEASs with IrOx electrodes ...........cccovirerieinincieininiceccicscecenne 72
5.2.2.  Flexible BIMEAs with spin-coated PEDOT: PSS electrodes..........c.ccccecevenuecnncnn 80
5.3, Microfabrication Challenes ...........coecueriiriiiieieieriieieieiei ettt 83
5.3.1.  Processing polymer-based materialS.............cceevverieriireeieiienienieeeieie e 83
5.3.2. SIROF COAUNGS ....vevivieeieiieieeeietieieste et eetetestesteesaessesseeseesesseeseeseensessesseessensesseeseens 86
5.3.3.  Spin-coated PEDOT: PSS.....ooioioiiiieieiee sttt 88
5.4. Electrochemical characterization of recording/stimulating electrodes .............cccceevenn. 89
I B 1 2 TSSO 89
5.4.2.  Spin-coated PEDOT: PSS......ccooiiiiiiiiiiiiceieeeereet e 92
5.5.  Characterization of intraretinal INSETtION. .........ccuerverierieriirieieiesiceetetetese e 94
5.5.1.  Intraretinal insertion MOdel..........cccoccruiiiiiiniiiiiinincicceeecee e 94
5.5.2.  Insertion into @ phantom TEHINGA ........c.ccevieierieriiiieieie ettt see e es 97
5.0, OULIOOK ...ttt e ettt a ettt eeeas 99

6. Applications of flexible BIMEAS .......cccoooiiiiiiiiiiiieeetee e 101



Contents 1IX

6.1.  Adjusting insertion parameters of flexible BIMEAS.........ccccceviiviivieieienieeeeieeie 102
6.2.  Invitro recordings with flexible BIMEAS..........cccooiiiiiiieiieece e 104
6.2.1.  Recording at different intraretinal depths in wildtype retinas .........c.ccoceeeeeeuennnne. 104
6.2.2. Recording from degenerated retinas ...........cooeveeierereriieieiereneeeeee e 106
6.3. Intraretinal current-controlled stimulation with flexible BIMEAS..........cccccceceriennnne. 107
6.3.1.  Charge injeCtion CAPACILY ......eeeeeerueriirtieierteiteeiteteste et estete et eeeae e et eneenne e eees 107
6.3.2. Intraretinal charge injection thresholds...........ccccevirieiienieninicieeeee e 108
6.3.3.  Electrically evoked responses in WT and rd10 retinas...........cccoceveeeecveriennennnnne. 111
6.4, OULIOOK . ...ttt bttt
7. Sivs. FIeXible BIMEAS ......ccoiiiiiieieieeeeeee ettt
7.1.  Acute insertion footprint
7.2.  Electrophysiological effects during intraretinal inSertions............eceevvevverereerienrennnane 124
7.3.  Quality of electrical TeCOTAINGS ......ecververiiiieieierieeteiete ettt 126
7.4, Success 1ate Of INSETLION .....eeueiutiriirtirieiirte ittt st 127
7.5 SUINIMATY .eutitiitieiieteetee ettt bbbttt b e st et be bt et e b s bt eae et et eas 129
8. Conclusions and OULIOOK .........cocueiuiiiiiiiiiiiieieesee ettt 131
ACKNOWIEAZEIMENES ......vieviiiiitieiieieeie ettt ettt et e sbeese e st e besseeseensesesbeeneensensas 135
A PPEIAICES ..ttt ettt et e et e et e e et e e bt e bt e te et e e staeetaeeateeabeenteenbeenseanteenseensaeeneeenaennns 137
Appendix 1: Content and preparation of 1xPBS (Phosphate buffered saline solution).......... 137
Appendix 2: Simplified schematic of hybrid headstage............ccooovevieririeiieneneiiceee 138
Appendix 3: Content and preparation of Ames’” medium .........cceceveeierierieninieniene e 139
Appendix 4: Significant responses in wildtype retina during VCS ..........cccooevvvieieienennnnne. 140
Appendix 5: Significant responses in rd10 retina during VCS........ccccoevieiienienieieeeeeeeen 141
Appendix 6: MicrofabriCation TECIPES. .....evervirrieiertiiteeiieierieeteertetesieeteeteteste st ensestesbeeneeneenee 142
A.6.1. Sacrificial MEtal [AYET ......cccveviiiiiiiiieiect e 142
AL6.2. POLyMET AEPOSILION ..ottt ettt ettt saeere e ebesbeeneensenes 142
ALG.3. MEtalliZAtION ...ttt 143
AL6.4. TTOK COALNE ...ttt ettt ettt ettt ettt e st e et e s eteesaeenteenseenbeenseenseeseeseeneeas 144
AL6.5. Structure POLYMET JAYET ....ccvieiieiieiieiieeie ettt 145
AL6.6. Ti €LCh STOP LAYET ..ovvieiiieiiieii ettt ettt s et e eesaesaeas 147
A.6.7. Sacrificial PaAC JAYer ......cc.coueuiriiiiiiiiiiiicieiecteesee et 148
A.6.8. PEDOT: PSS COALIMEZ ....eeteiiiiieieiiitieiiete sttt sttt ettt st 148
A.6.9. Wet chemical etch Mask ........ccooiveiiiniiniiiiiiicie e 149
Appendix 7: Fabrication protocol of flexible BIMEAS...........ccccooviiriininieieieeeccceeie e 150
Flexible IrOx BIMEAS — PTOCESS A .....coouiriiiiiiiiniiiiieiieeniesieee ettt 150
Flexible IrOx BIMEAS — Process B ......cccociiiiiiriiiiieieieieeeeeeee e 150
Flexible PEDOT: PSS BiMEAs
Appendix 8: Cyclic voltammograms variability of SIROFS..........cccccccvvinineviniininicicne 152
Appendix 9: Spin-coated PEDOT: PSS microelectrodes............coceverierieneninienieneiieienn 152
Appendix 10: Compressive Young’s modulus of PDMS phantoms...........ccccecevererieiennnne. 153
Appendix 11: Performance of intraretinal inSErtions .............cceevveriereeierienieniesieiere e 154
RETETEICES ...ttt ettt et b ettt b et ettt st e et eeeeenea 159

List of publications and contributions in CONfETENCES ...........cceerverierierieiienenieieereseeeeeee e 173



Information
Band/ Volume 67
ISBN 978-3-95806-553-6

9 JULICH

Mitglied der Helmholtz-Gemeinschaft Forschungszentrum



	Leere Seite
	Leere Seite



