UNIVERSITY OF CALIFORNIA SAN DIEGO

SAN DIEGO STATE UNIVERSITY

Fundamental Investigation of Novel Graphene-Glassy Carbon (GrGC) MetaMaterial through Synthesis,
Characterizations, Molecular Dynamics Simulation, and Neural Interface Testbed

A dissertation submitted in partial satisfaction

of the requirements for the degree Doctor of Philosophy

in

Engineering Science (Bioengineering)

by

Surabhi Nimbalkar

Committee in charge:

University of California San Diego

Professor Todd Coleman, Co-Chair

Professor Gert Cauwenberghs

Professor Darren Lipomi

San Diego State University

Professor Sam Kassegne, Chair

Professor Parag Katira

2021






The Dissertation of Surabhi Nimbalkar is approved, and it is acceptable in quality and form for publication
on microfilm and electronically:

Co-Chair

Chair

University of California San Diego

San Diego State University

2021

il



TABLE OF CONTENTS

Dissertation APProval PAE .........ccviiiiiiiiiiiiieicecese ettt st s v e e te et ab e et e b e teesteestaeeabeens 1ii
TADIE OF COMLEIES ...ttt ettt ettt e bt e s at e e et e et e e be e bt e sbeesaeeenteembeenbeesbeesaeesatenas v
5 o 2 4 U1 SRR SPRP v
LSt OF TADIES ...ttt ettt ettt s h ettt a et e sbt et e bt e st et e e bt et e s bt e aeetesaeentene s vii
ACKNOWIEAGIMENTS. ...ttt ettt ettt et e e s bt e sate s et e eateebe e bt e sbeesmeeeateeneeenbeeneeas viil
YL OO RO PU PP X
ADSIract Of the DISSEITATION .....eeuiiiiitieieiieiee ettt sttt b et be et et bt et esee et e ntesaeeeenaeas xil
Chapter L INtrOQUCTION. ......ecciiiiiecieeie ettt et e e e te e e e s e e st essseesseessaessaessaessseasseesseessaesseesssesssennss 1

Chapter II: Ultra-capacitive carbon neural probe allows simultaneous long-term electrical stimulations

and high-resolution neurotranSMItter dELECHION ........ceevvereerierieeieerieeseeste e sre et ereeseesteesraessaesnseenseenns 11

Chapter III: Glassy carbon microelectrodes minimize induced voltages, mechanical vibrations, and

artifacts in Magnetic reSONANCE TMAGINE .........eecveerreerreereereerreareeteesseesseessresssessseesseesseesseessesssaesssesssesssennes 45

Chapter IV: Novel Graphene-Glassy Carbon (GrGC) MetaMaterial Synthesis: Fundamental Investigation

through Experimental Validation and Molecular Dynamics Simulation............ccccocoeevieniiiiiiiinicencenenne 69

Chapter V: Graphene on Glassy Carbon Microelectrodes Demonstrate Long-Term Structural and

Functional Stability in Neurophysiological Recording and Stimulation ............c.ccceeeevieviiieciienciie e, 98
Chapter Vi DISCUSSION .....veevieiieriieriesteeteeteesieeseestessteeseesseessaesssessseasseasseesseesseesssesssessseessessseesssesssennses 135
F N 0] 053116 OSSP 146

v



LIST OF FIGURES

Figure 1.1 Graphene- Glassy carbon microstructure synthesis by pyrolysis. ......cccevverevievieeniieneeniesie e 4
Figure 2.1 Lithography steps for microfabricating glassy carbon (GC) microstructures on a polymer ..... 15
Figure 2.2 Details of the GC NEUIal PrODE ........ccviiiiieiiieiiiiiiciieie ettt eve e teesteesvesebeeveebeesaeens 21

Figure 2.3 Details of fracture planes following mechanical testing of GC and thin-film metal probes ..... 22

Figure 2.4 Electrochemical characterization of GC electrodes. .........c.ceeoveverierieniniieninieieneeee e 26
Figure 2.5 Equivalent Circuit for GC electrode. ...........ceruiiiriiniiieieiieieesteeeeteee e 27
Figure 2.6 Effect of accelerated aging through bi-phasic pulsing in PBS for 42 days (1000 hours).......... 28
Figure 2.7 SEM and AFM image of microelectrode surface...........ccooeeieririenenenieninieeneeese e 28
Figure 2.8 GC microelectrodes array implantation site on the left forelimb sensory cortex with electrical

stimulation on the skin of the FIght WISt .........ccviviiiiiiiieie et ere e 30
Figure 2.9 Color plot showing changes in current following 20 nM DA injection in PBS in-vitro ........... 32

Figure 3.1 Probes with GC and Pt ground microelectrodes of 2cm x 1cm geometry and UV Photo
lithography steps for microfabrication of GC microelectrodes...........cuevvveevieciieriienienieiieeie e 50

Figure 3.2 The experimental setup used for MR iMaging ...........cccccuvvviiriiienieniienienieeieeieeeesee e 52

Figure 3.3 Details of the experimental setup for the measurement of gradient induced vibrations in the
field of a permanent magnet 1.5T MRI SYSTEIM .......cceiviiiiiieiiieiierieeie ettt eae e reesaeesane e 54

Figure 3.4 Experimental setup to investigate the dependence of microelectrode materials on the induced
CAAY CUITENES ....vtiviiiieiie ettt ettt e ettt e et et e eteesteesteeetbeetbeesbeasbeasseesssassseasseasseasssesssesssessseesseesseesseessaasssanes 55

Figure 3.5 Pt electrode showed darkened rectangular shape along the width of Pt electrode in the axial

view as compared t0 the GC €leCtrOde........eciuiiiiiiiieiiciieeeeeree ettt str e sbe e b e ereesteesraeeeneeanes 57
Figure 3.6 Strong B1-field distortions are observed for the Pt for high 11.7 T MR scanner...................... 58
Figure 3.7 Comparison of the simulated behavior for the 2cm x 1em rectangular GC and Pt ground

MICTOCIECIIOAES .....ouiiiiiiiii ettt s ens 59
Figure 3.8 Measurement results from induction eXperiments............coeeeuererierieneerieneneeneneeseenieseeseennens 61

Figure 3.9 Measurement results of vibration measurements and their comparison to theoretical values... 63
Figure 4.1 GC Microstructure and STEM IMAagE ........cceoieieiiiieieeeieeeeeeee et 72

Figure 4.2 Synthesis of Metamaterial GrGC mMICTOSIIUCTUTIE ........c.eeuerierireeieieneieiesieeeeie e eee e seeeneas 75



Figure 4.3 MD Simulation bBOX and SETUD ........couerieririeieiieteiest ettt ettt ae e 77

Figure 4.4 SEM and STEM images of GTGC MiCIOSIIUCLULE ........ceueruiruieriiriieienieniteieeteeee e eeeee e 81
Figure 4.5 STEM EELS analysis of GrGC Metamaterial..............coceverieniniinieninienenieeeeseeceie e 82
Figure 4.6 HAADF imaging of GrGC MiCTOSIIUCIUIE ........ccviervieeciieereiieeiieecteeereeesireeereeeereeseveeesaeessseas 83
Figure 4.7 Raman spectrum comparison of GrGC Vs GC.........cccoeviiiiiiiiiiierieeciee ettt 84
Figure 4.8 FTIR spectrum comparison of GIGC VS GC .........cccuiieiiiieiiieiiiieieeciee ettt 85
Figure 4.9 Overview of Evolution of GrGC nanostructure in simulation boX.........ccccccveeveeveecreenreenieeninens 87
Figure 4.10 GIGC @VOIULION ...oouiiiiiiieiiiiieiieie sttt sttt st et b e st be et s ae et et e sbeeeenae e 88
Figure 4.11 GrGC MicroStructure MOdElS ..........cocveiiiieriiiiiieir ettt 88
Figure 4.12 Functional groups of GrGC MiCTOSIIUCLUE .........c.eecveerueerieereerreeieeteesieeseesresreeseeseesseensnens 89
Figure 4.13 Evolution of GC Metamaterial ............cccooieriiiirieninieiereeee ettt 92
Figure 4.14 GC NANOSIIUCLUIE.......cccuiieiiieeiieeeieecteeetteesreeestveeseteeesteeessseessseeesssaessseeesseessseeassseesssessssseessses 93
Figure 5.1 Graphene -Glassy Carbon microelectrode array..........cocvevveevveerieneeneeeneeireesieesreesseesenesnenenes 102
Figure 5.2 Schematic of setup for in vivo recording and region of interest for fluorescent imaging ....... 108
Figure 5.3 Adhesive tape peeling test 0N MICTOSTIUCTUIE ......ccuvecveerierieieesieesieeseeereeereereereesreesesesenesenas 112
Figure 5.4 SEM, STEM, and AFM images of the MiCroStructure ............ccceeveerieerieeneieeneereeseeeee e 113
Figure 5.5 FTIR and Raman spectra of GrGC Metamaterial.............cocceeeririeninieneninieneneeeneeeee 114
Figure 5.6 Electrochemical impedance spectrum, cyclic voltammogram, Voltage transient response of

GTGEC MICTOSITUCIUTE ...ttt ettt ettt sttt et b et b e sh et e bt et e st e e st et e sbeeat e bt s bt et e ebeeanenbeebeeneenees 115
Figure 5.7 Acute in vivo validation of the Gr on GC device CONSIStENCY.......cevveeueeriereeeierieeieieseeeeenn 117
Figure 5.8 Acute stimulation in vivo validation of the Gr on GC device ........cccoeveiiirircieninieeeeee 119
Figure 5.9 Chronic in vivo validation of the Gr on GC microelectrode device stability ...........ccccoeeenee... 119
Figure 5.10 Representative GFAP and IBA-1 IMaZES. .....ccverueruieieieiieieeieeeee et 120
Figure 5.11 Gr on GC microelectrode surface morphology post explant after 18 weeks...........cceeue..... 121

Figure 5.12 Comparison of magnetic resonance imaging artifact of Gr on GC and GC microelectrode. 128

Figure 5.13 DA Detection using Gr on GC microelectrode. ...........coereeriininieninienieneeieneneeesieeeeeene 129

vi



LIST OF TABLES

Table 2.1 Summary of key parameters in voltage transients for GC and Pt microelectrodes..................... 27

Table 2.2 Average SNR value and impedance of GC microelectrodes arrays ............

Table 6.1 Comparison between GrGC Vs GC material properties and testbed results

vii



ACKNOWLEDGEMENTS

I would like to thank my Ph.D. advisor, Dr. Sam Kassegne for supporting my doctoral degree
research and for the constant motivation. I would also like to thank my co-advisor, Dr. Todd Coleman, for
his encouragement and guidance. I would like to acknowledge my committee members Dr. Gert
Cauwenberghs, Dr. Darren Lipomi, and Dr. Parag Katira for their advice and suggestions on the research.
I thank all my mentors, mentees, collaborators, and lab-mates of NanoFab Lab SDSU for their endless

support throughout this journey.

Chapter 2, in full, is a reprint of materials as it appears in Nimbalkar S, Castagnola E,
Balasubramani A, Scarpellini A, Samejima S, Khorasani A, Boissenin A, Thongpang S, Moritz C and
Kassegne S, 2018. “Ultra-capacitive carbon neural probe allows simultaneous long-term electrical
stimulations and high-resolution neurotransmitter detection.” Scientific Reports, 8(1), pp.1-14. The

dissertation author was the co-primary author of this paper.

Chapter 3, in full, is a reprint of materials as it appears in Nimbalkar S, Fuhrer E, Silva P, Nguyen
T, Sereno M, Kassegne S, Korvink J. “Glassy carbon microelectrodes minimize induced voltages,
mechanical vibrations, and artifacts in magnetic resonance imaging.” Microsystems & nanoengineering.

2019 Nov 18;5(1):1-1. The dissertation author was the co-first author of this paper.

Chapter 4, in partial, is in preparation or submission for publication as: Nimbalkar S, Montgomery-
Walsh R, Kassegne S. “Novel Graphene-Glassy Carbon (GrGC) MetaMaterial Synthesis: Fundamental
Investigation through Experimental Validation and Molecular Dynamics Simulation.” The dissertation

author is the primary author of this manuscript.

Chapter 5, in partial, is in submission or revision for publication as: Nimbalkar S, Samejima S,

Hunt T, Nunez O, Moritz C, Kassegne S. “Graphene on Glassy Carbon Microelectrodes Demonstrate Long-

viii



Term Structural and Functional Stability in Neurophysiological Recording and Stimulation.” The

dissertation author was the primary author of this chapter.

1X



VITA

2013 Bachelor of Engineering, University of Pune, India

2018 Master of Science, Bioengineering, San Diego State University

2017-2021 Research Assistant, NSF-ERC Center for Neurotechnology, San Diego State University

2021 Doctor of Philosophy, Engineering Science (Bioengineering),
University of California San Diego and San Diego State University

PUBLICATIONS

Nimbalkar S, Montgomery-Walsh R, Galindo SL, Bunnell J, Kassegne S. “Novel Graphene-Glassy
Carbon (GrGC) MetaMaterial Synthesis: Fundamental Investigation through Experimental Validation and
Molecular Dynamics Simulation” (under preparation)

Montgomery-Walsh R, Nimbalkar S, Bunnell J, Galindo SL, Kassegne S. Molecular dynamics simulation
of evolution of nanostructures and functional groups in glassy carbon under pyrolysis. Carbon. 2021 Oct
30;184:627-40.

Nimbalkar S, Samejima S, Dang V, Hunt T, Nunez O, Moritz C, Kassegne S. Graphene on glassy carbon
microelectrodes demonstrate long-term structural and functional stability in neurophysiological recording
and stimulation. Journal of Neural Engineering. 2021 Sep 22;18(5):056035.

Devi M, Vomero M, Fuhrer E, Castagnola E, Gueli C, Nimbalkar S, Hirabayashi M, Kassegne S, Stieglitz
T, Sharma S. Carbon-based neural electrodes: promises and challenges. Journal of Neural Engineering.
2021 Aug 17.

Castagnola E, Thongpang S, Hirabayashi M, Nava G, Nimbalkar S, Nguyen T, Lara S, Moritz C, Kassegne
S. "Glassy Carbon microelectrode arrays enable voltage-peak separated simultaneous detection of
dopamine and serotonin using fast scan cyclic voltammetry." Analyst 146, no. 12 (2021): 3955-3970

Vahidi NW, Rudraraju S, Castagnola E, Cea C, Nimbalkar S, Hanna R, Arvizu R, Dayeh SA, Gentner TQ,
Kassegne S. “Epi-intra neural probes with glassy carbon microelectrodes help elucidate neural coding and
stimulus encoding in 3D volume of tissue”. Journal of Neural Engineering. 2020.

Nimbalkar S, Fuhrer E, Silva P, Nguyen T, Sereno M, Kassegne S, Korvink J. “Glassy carbon
microelectrodes minimize induced voltages, mechanical vibrations, and artifacts in magnetic resonance
imaging.” Microsystems & nanoengineering. 2019 Nov 18;5(1):1-1.



Nimbalkar S, Castagnola E, Balasubramani A, Scarpellini A, Samejima S, Khorasani A, Boissenin A,
Thongpang S, Moritz C and Kassegne S, 2018. “Ultra-capacitive carbon neural probe allows simultaneous
long-term electrical stimulations and high-resolution neurotransmitter detection.” Scientific Reports, 8(1),
pp.1-14.

Castagnola, E., Vahidi, N.W., Nimbalkar, S., Rudraraju, S., Thielk, M., Zucchini, E., Cea, C., Carli, S.,
Gentner, T.Q., Ricci, D. and Fadiga, L., 2018. In vivo dopamine detection and single unit recordings using
intracortical glassy carbon microelectrode arrays. MRS advances, 3(29), p.1629.

X1



ABSTRACT OF THE DISSERTATION

Novel Graphene-Glassy Carbon (GrGC) MetaMaterial Synthesis: Fundamental Investigation through
Experimental Validation, Molecular Dynamics Simulation, and Neural Interface Testbed

by
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Doctor of Philosophy in Engineering Science (Bioengineering)
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Professor Sam Kassegne, Chair

Professor Todd Coleman, Co-chair

There is a growing interest in the use of carbon and its allotropes for microelectrodes in neural
probes because of their inertness, long-term electrical and electrochemical stability, and versatility.
Building on that interest, we introduce a new electrode material system consisting of an ultra-thin mono
layer of graphene (Gr) mechanically supported by a relatively thicker layer of glassy carbon (GC). Gr has
impressive electrical and electrochemical properties. On the other hand, GC is one of carbon’s important

allotropes and consists of 3D microstructures of graphene fragments. Further, GC has exceptional chemical

Xii



inertness, good electrical properties, high electrochemical stability, purely capacitive charge injection, and
fast surface electrokinetics coupled with lithography patternability. This makes GC an ideal candidate for
addressing Gr’s lack of out-of-plane rigidity through providing a matching sturdier and robust mechanical
backing. Combining the strengths of these two allotropes of carbon, we introduce a new metamaterial
Graphene- Glassy Carbon (GrGC) synthesis. We present the fabrication technology for the microelectrodes
and the accompanying pattern transfer technology on flexible substrate and report on the bond between
these two allotropes of carbon through FTIR, surface morphology through SEM, topography through AFM,
and nanostructure study through molecular dynamics and STEM imaging. A long-term (18-weeks) in vivo
study of the use of these GrGC microelectrodes assessed the quality of the ECoG-based neural signal
recording and stimulation through electrophysiological measurements. The probes were demonstrated to
be functionally and structurally stable over the 18-week period with minimal glial response — the longest

reported so far for graphene-based microelectrodes

xiii



CHAPTER I

Introduction



1.1 Carbon, the ‘New’ Material for Micro and Nanomanufacturing

While silicon has been dominant material of choice in the semi-conductor and the broad emerging
micro and nanomanufacturing industries for sometimes now, carbon is fast emerging as a serious
competitor. Looking ahead, with Moore’s Law now significantly challenged in maintaining its validity in
the silicon-dominated semi-conductor industry, the emergence of 2D materials like graphene is further
laying the ground work for an industry where carbon will be among the most dominant materials.

Unlike its competition in the form of silicon, germanium, and the like, carbon’s unique tunable
mechanical and electronic properties help position it as a versatile material of choice for a variety of
applications including as promising material in semi-conductor and energy storage technologies,
specifically in supercapacitors, microelectrodes, batteries, fuel-cells, magnetic thin-films, and bio-chemical
sensors [1-3]. Various allotropes of carbon are known for their unique characteristics that have further
expanded the use of this important material. For example, graphene possesses excellent conductivity, large
surface area, and in-plane stiffness [4], Q-carbon has excellent hardness and excellent strength [5,6], and
glassy carbon has demonstrated superior electrochemistry [7-8]. Graphene, few-layer graphene (FLG), and
graphene nanoribbons (GNR) are used in thermal phase change materials (PCM) for battery and energy
storage application [9]. Additionally, modification of carbon electrodes has demonstrated improved
chemical sensitivity foe bio-chemical sensing applications. In addition, multiwall carbon nanotube (MW-
CNTs) modified glassy carbon electrodes have been used for detecting glucose oxide as non-enzymatic
sensor, lactic acid, ascorbic acid, and NADH detection, further expanding the reach of carbon and its
allotropes in the sensing discipline [10-12]. Further, carbon nanotubes (CNTs) grown on diamond like
carbon (DLC) thin film have shown improved sensitivity and selectivity towards dopamine sensing [13].

Therefore, carbon’s promise as a competitive engineering material is now well established and
poised for even further expansion in the emerging are of micro and nanomanufacturing industry. Leveraging
its current expansion and future potentials, there is still room for even more significant innovations in

expanding the use of carbon and its allotropes.



1.2 Motivation

Among some of the most compelling application areas of carbon and its various allotropes, carbon’s
use as a probe material in devices that interface with tissues carries the most visible and impactful one. This
is, of course, driven by carbon’s (and its allotropes) chemical inertness, biocompatibility, good electrical
conductivity, high charge injection capacity, and excellent long-term electrochemical stability [7-8, 21-22].
Carbon-based neural microelectrode arrays have been reported for neural electrical recording [14-16, 21-
23], electrical stimulation [24-26], magnetic resonance compatibility [27], and neurotransmitter detection

[28-30].

Further, the multimodality capability of carbon electrodes has raised interest in neurophysiological
applications specially for long term implantation. This multi-modality includes ability to record electrical
and electrochemical signals and to electrically stimulate tissues. However, in the same time, there is an
increasing need of advanced microelectrode material in neural engineering applications that require a new
generation of multimodal neural microelectrode arrays with electrochemical stability and sturdiness,
excellent conductivity, high charge storage and injection capacity, and exceptional electrochemistry, a
mixture of rare properties tough to be obtained from in a single material. In this dissertation, an argument
is forwarded regarding the notion that a carbon material synthesized from various allotropes combining
high charge storage capacity for energy storage application, high conductivity for superior signal to noise
performance, and functional groups for improved electrochemical sensing in biosensors could be the answer
to the current need in neural interface materials.

Among the various allotropes of carbon, graphene (Gr) and glassy carbon (GC) stand out in their
potential in revolutionizing several industries including energy storage. Gr is a 2D monolayer material and
is considered the gold-standard for electrical conductivity (1700 S/m) and has high in-plane mechanical
strength, excellent thermal conductivity (4840-5300 W/mK), large surface area (2630 m%/g), and high
double layer capacitance (21 uF/cm?) [31]. GC with a cage-like 3D microstructure of ribbons of graphene

has been used for electrochemistry and has exceptional chemical inertness, high mechanical stiffness [6],



good electrical properties, high electrochemically stability, high charge storage capacity (61.5 mC/cm?),
and fast surface electrokinetics coupled with lithography patternability [32-33]. Independently, the two
allotropes of carbon Gr and GC have certain compelling distinctive properties suitable for semi-conductor
and energy-storage applications.

In this dissertation, we investigate the possibility of leveraging the unique strengths of these two
allotropes of carbon to introduce a new composite “made of tailored building blocks, which are composed
of one or more constituent bulk materials, leading to effective medium properties beyond those of their
ingredients” — and hence form a metamaterial [34]? This fundamental question inspires a hypothesis on
whether combining the unique strength of the ‘gold-standard’ materials- graphene and glassy carbon as
show in Figure 1.1 will help introduce a new metamaterial system that brings the best qualities of these
materials in a single material bonded through strong covalent bonds. A metamaterial that combines
graphene with its excellent conductivity and glassy carbon with its high charge storage capacity could be
the answer for demanding requirement of carbon-based neural interface and ultrasensitive biochemical

SENsors.

MonoanerGr\

GrGC Interface {0
with covalent
bonds

GC

GrGC Interface with covalent bonds

Figure 1.1 Graphene- Glassy carbon microstructure and representative nanostructures indicating carbon
layers within the metamaterial



1.2 Outline of the dissertation

To test this hypothesis of a GrGC metamaterial, first we introduce the synthesis process of the
GrGC metamaterial. The synthesis process will then be validated through molecular dynamics simulation.
Material properties of the GrGC such as disordered carbon structures, functional groups on material surface,
nanostructure at the GrGC interface by STEM imaging and bonding between Gr and GC will then be
investigated. Electrochemical properties of the metamaterial such as impedance and charge storage capacity
will also be tested for micro- electrocorticography. After validating in vitro electrochemical performance,
micro-ECoG electrodes will be tested for in vivo recording and stimulation. Further, neurotransmitter
detection capability and magnetic resonance compatibility will be demonstrated. Altogether, multimodality

of the micro array will be established through this study.

The research plan for the dissertation contains 3 research objectives.

1. Introduction of GrGC synthesis process and material characterization of GrGC including surface
defects, functional groups, bonds, and nanostructure of the metamaterial

2. Background work on the GC synthesis and neural interface test bed

3. Multimodal GrGC testbed for neurophysiology application. This will involve ECoG recording,

stimulation, neurotransmitter detection, MR compatibility

The dissertation consists of 6 chapters. Chapter 1 introduces Graphene-Glassy Carbon hypothesis,
research motivation and outline of the dissertation. Chapter 2 to chapter 5 will include reprinted or
submitted manuscripts. Chapters 2 and 3 consist of background work done on Glassy carbon where
multimodality of microelectrode material was studied. Chapters 4 and 5 contain of studies of synthesis of
Graphene- Glassy carbon metamaterial and its application in neural interface devices respectively.

In chapter 2, we presented a carbon-based neural microelectrode array consisting of homogeneous

glassy carbon microelectrodes, interconnects and connecting pads and established GC as capacitive



material. The electrode array showed purely capacitive behavior and lasted more than 3.5 billion cycles of
bi-phasic pulses at charge density of 0.25 mC/cm?. These probes enabled high SNR (>16) for in vivo
recordings and high-resolution real-time neurotransmitter detection using same microelectrode array. These
arrays showed potential to be served as a multi-modal platform for long-term applications of neural probe
technology in clinical neuroscience. [8]

In chapter 3, we further investigated multimodal performance of glassy carbon electrodes testing
magnetic resonance compatibility of glassy carbon material and established GC’s compelling advantage for
clinical use. In this study, GC and thin film Pt were compared through induced vibration, induced voltage,
and MRI experiments and finite element modeling. GC microelectrodes demonstrated superior magnetic
resonance compatibility over standard metal thin-film microelectrodes. Due to low magnetic susceptibility
and lower conductivity, GC microelectrodes caused no susceptibility shift artifacts and no eddy-current-
induced artifacts compared to Pt microelectrodes. [27]

In chapter 4, we introduced Graphene-Glassy Carbon metamaterial synthesized from graphene (Gr)
and glassy carbon (GC) - two allotropes of carbon - possessing superior electrical, power density, energy
density, and specific capacitance properties. Novel fabrication process for the metamaterial is presented
where a substrate with monolayer of Gr transferred was used to deposit a layer of negative-tone polymer
precursor for GC that was patterned and then pyrolyzed in the furnace to synthesize a new metamaterial
called GrGC. The formation of this novel metamaterial is validated through molecular dynamics modeling
and comprehensive mechanical and surface characterizations. The chemical bond of the metamaterial was
characterized through Raman Spectroscopy, its surface morphology through SEM and STEM. MD
simulation validated the formation of a unique metamaterial that consisted of a planar Gr component,
transition region, and a 3D-shaped cage-like GC component. The MD simulation results also showed
formation of functional groups and covalent bond between the two allotropes.

In chapter 5, we introduce a new neural probe as a testbed to test new material that consists of ~1
nm thick layer of patterned Gr microelectrodes supported by another layer of 3-5 um thick patterned GC.

We present the fabrication technology for the new GrGC microelectrodes and the accompanying pattern



transfer technology on flexible substrate. A long-term (18-weeks) in vivo study of the use of these Gr on
GC microelectrodes assessed the quality of the ECoG-based neural signal recording. Acute SEP recording
and MEP stimulation were also tested through electrophysiological measurements. The probes were
demonstrated to be functionally and structurally stable over the 18-week period with minimal glial response
— the longest reported so far for graphene-based microelectrodes. Additionally, magnetic resonance
compatibility study and neurotransmitter detection capability of GrGC metamaterial is demonstrated

In chapter 6 as discussion, a comparative study between GC and GrGC metamaterial was conducted
based on the results obtained from chapter 2 to 5. Overall, capability of GrGC metamaterial for potential

clinical neural interface microelectrode applications is discussed.
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Term Electrical Stimulations and High-Resolution Neurotransmitter

Detection

11



Abstract

We present a new class of carbon-based neural probes that consist of homogeneous glassy carbon
(GC) microelectrodes, interconnects and bump pads. These electrodes have purely capacitive behavior with
exceptionally high charge storage capacity (CSC) and are capable of sustaining more than 3.5 billion cycles
of bi-phasic pulses at charge density of 0.25 mC/cm?. These probes enable both high SNR (>16) electrical
signal recording and remarkably high-resolution real-time neurotransmitter detection, on the same platform.
Leveraging a new 2-step, double-sided pattern transfer method for GC structures, these probes allow
extended long-term electrical stimulation with no electrode material corrosion. Cross-section
characterization through FIB and SEM imaging demonstrate strong attachment enabled by hydroxyl and
carbonyl covalent bonds between GC microstructures and top insulating and bottom substrate layers.
Extensive in-vivo and in-vitro tests confirmed: (i) high SNR (>16) recordings, (ii) highest reported CSC
for non-coated neural probe (61.4 + 6.9 mC/cm?), (iii) high-resolution dopamine detection (10 nM level -
one of the lowest reported so far), (iv) recording of both electrical and electrochemical signals, and (v) no
failure after 3.5 billion cycles of pulses. Therefore, these probes offer a compelling multi-modal platform

for long-term applications of neural probe technology in both experimental and clinical neuroscience.

1. Introduction

Carbon is increasingly finding wider acceptance in micro and nanofabrication of a variety of
sensors, actuators, microelectrodes, wires, batteries, fuel cells, thin-films, and neural interfaces [1-6]. Its
unique tunable mechanical and electronic properties enabled by the availability of a range of possible
hybridized bonds (sp? and sp*) make it a versatile material. Further, carbon has a potential to assume even
more far-reaching importance in applications varying from sensors to energy conversion and storage with
discovery of newer carbon allotropes such as graphene (excellent conductivity and strength) [7], Q-carbon
(excellent hardness) [8] and compressed glassy carbon (excellent strength) [9]. Specifically, in recent
developments, the ability to microfabricate photolithographically patterned carbon features has further

driven innovation in wider application of GC, one of the allotropes of carbon [1,2]. This technology
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involves pyrolyzing pre-patterned polymeric structure made from negative tone resists at high temperatures

and inert environment in a tube furnace [1,2].

Carbon is a compelling material for chronically implanted devices aiming to minimize tissue
damage due to its chemical inertness, biocompatibility, good electrical properties, electrochemical stability,
purely capacitive charge injection (no irreversible reactions and byproducts), and fast surface
electrochemical kinetics [1-6]. We recently demonstrated neural probes with GC microelectrodes for
electrocorticography (ECoG), intracortical recording and stimulation [3-5]. Brain stimulation applications
require high performance microelectrode materials capable of sustaining hundreds of millions of cycles of
electrical stimulations pulses (corresponding to implantations lasting 3—5 years) at clinically relevant charge
densities without corrosion, tissue damage, or delamination of insulating and substrate layers. Meeting this
requirement will enable the transition of neural probe technology from lab to clinical use, particularly with
applications requiring long-term electrical stimulation, such as deep brain stimulation or spinal stimulation

used for neuromodulation and induction of neuroplasticity [10].

As aresponse to this need, we introduce here a new class of GC neural probes exclusively fabricated
from a single homogeneous material of GC with no intermediate layers such as adhesion and conducting
metal layers. This process removes any sources of potential mechanical or electrical discontinuities or
failures at large cycles of electrical stimulations and extended period of in-vivo use. The new fabrication
method presented here allows for a 2-step double-sided patterning, subsequent transfer to a polymeric
supporting layer and final insulation of GC microelectrodes, interconnects and bump pads using a single
material. In this new approach, therefore, there is no intermediate metal deposition process involved
allowing—for the first time—all GC neural probes (aGC neural probes) made of a single homogenous material
and supported on flexible polymeric substrate. The final aGC neural probes are housed in a flexible, thin-
film polyimide substrate that leverage the superior electrochemical stability of GC material along with the
improved biocompatibility of thin-film devices. To establish the robustness and superiority of the

technology, extensive in-vivo and in-vitro mechanical, electrical, and electrochemical characterizations

13



coupled with aggressive long-term stability and corrosion tests under electrical stimulations were carried
out. This study demonstrates robustness and multi-modal recording capability for both neuronal electrical
signals and neurotransmitter electrochemical signals. These probes are also capable of delivering balanced-
charge pulsing over 3.5 billion cycles in extended accelerated aging process lasting more than 1000 hours.
We demonstrate that these new probes have compelling advantages over existing technologies in almost all
key metrics from mechanical and electrical properties to electrochemical kinetics, which is quite remarkable

for probes fabricated from a single material without any surface coating.

2. Materials and Methods
2.1 Microfabrication

To demonstrate the technology, we microfabricated a 15-channel neural probe specifically
designed for electrocorticography (ECoG) reading and a 4-channel penetrating probe designed and sized
for neurotransmitter detection. The geometry of the ECoG device consisted of 300 pm diameter surface
microelectrodes with 180 um wide interconnects and a total width of 3.5 mm [2,3]. The neurotransmitter
detection version had 4 penetrating microelectrodes of exposed area of 25 um x 20 um (500 um?) spaced at

220 um (see Supplementary Figures S1 and S2).

As shown in Fig. 1, the microfabrication process started with spin-coating 6 um thick SU8-10
negative photoresist (Microchem, MA) and patterning it following conventional negative lithography
process steps [1,2]. The patterned SU-8 microstructures were then pyrolyzed in a quartz furnace (MTI
Corp., CA) under inert atmosphere of nitrogen gas with flow rate of 50 ml/min. For pyrolysis, the
temperature was ramped to 1000 °C over a period of 6 hours and then held at this temperature for
90 minutes. Following this, the furnace was allowed to cool down to room temperature over a period of

several hours.
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Figure 2.1 Lithography steps for microfabricating all glassy carbon (aGC) microstructures on a polymeric
substrate. Two-step double-sided lithography patterning was used in addition to pyrolysis. Complete probes
are referred as aGC probes whereas glassy carbon material is referred to simply as GC.

Subsequently, the first base layer of ~8 pm thick non-photo sensitive polyimide (Durimide 115a)
(Fujifilm, Japan) was spin-coated on top of GC microstructures at 2500 rpm for 45 seconds. This was then
soft baked at 135 °C for 2.5 min and cooled down to room temperature. Patterning of Durimide was done
through dry reactive ion etching (Technics Series 85 Reactive lon Etcher, Pleasanton, CA) using Shipley
positive resist (Microchem, MA) as a soft mask. The patterned Durimide layer was partially cured at 200 °C
for 30 mins in N, environment. A sacrificial transfer layer was then deposited as a secondary substrate on
top of the Durimide layer. Polymers such as PMMA (Polymethyl methacrylate) or PDMS
(Polydimethylsiloxane) could be used for this purpose. Here, we describe the use of PDMS (Dow Corning,
USA) as one example. PDMS mixed with curing agent in 10:1 proportion was spin-coated at 300 rpm for
45 secs and then cured at 90 °C for 30 mins followed by BHF etching of oxide layer to release it from the

silicon substrate. Subsequently, a glass substrate was bonded to the released structure to offer an additional
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temporary support for improved alignment. The wafer was then flipped and an insulation layer of Durimide
spin-coated. After patterning this top insulation layer of Durimide, it was subsequently partially cured under
Na. A final BHF etching removed the sacrificial layer and released all devices. The final aGC probes are

shown in Supplementary Figures S1 (LECoG probe) and S2 (intracortical penetrating probe).

2.2 Mechanical and Cross-Sectional Characterizations

The mechanical strength of the ensuing device was measured using Instron’s 1500HDX Universal
Testing Machine (Instron, USA) where tensile load was applied till failure, and the resulting extension
measured. Tensile test specimen probes with dimensions of 17 mm in length, 0.5 mm in width and 50 pm
in thickness were used for the experimental study. Since the devices were too thin, attachment of strain
gauge extensometers directly to the probes was not practical. Instead, linear displacement due to the
crosshead motion of Instron was used to obtain displacement values. Thread-rolled C-clamps with clamping
capacity of 0-25 mm were used to grip the probe. C-clamps provide greater precision for easy adjustment
of position and prevent marring of the probe surface. The frame of C-clamps was then held between the
jaws of upper and lower clamps of the Instron machine (ca. Supplementary Figure S4). The cross-head
extension rate was set at 0.5 mm/min. The specimen was then loaded to failure at this rate and the load-
deflection curve plotted. For comparison purposes, probes of similar geometry but consisting of 200 nm
thick metal (Pt) microelectrodes and wire traces were microfabricated through standard metal lift-off
process. Subsequently, the load-deflection curves and ultimate load carrying capacity of the thin-film metal
probes were determined in a similar fashion. Young’s Modulus was determined by taking the mean slope
of ten points in the elastic region of the stress-strain curve. The modulus of plain Durimide substrate with
no metal or GC interconnects and microelectrodes was also determined separately to de-couple its effect
from the composite structure. FEI Quanta 450 FEG SEM (ThermoScientific, OR) was used for scanning
electron microscopy images. Cross sectioning was obtained through Focused lon Beam (FIB) milling using

a dual beam microscope system (Nova 600 NanoLab; FEI, Netherlands). This system is equipped with a
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field emission gun for scanning electron imaging and a focused ion beam of gallium ions for milling. The
sectioning process was done in two steps: ion current milling (working at 30 kV and 7.7 pA) followed by a
cleaning step of the section. Imaging was done at an acceleration voltage of 20kV (0.4 nA of emission

current).

2.3 Electrical, Electrochemical, and Stability Characterizations

The electrochemical behavior of the microelectrodes was studied in Phosphate-Buffered Saline
solution (PBS; 0.01 M, pH 7.4; Sigma Aldrich, USA). Cyclic voltammetry (CV) was used to quantify
capacitive charging and microelectrode stability while electrochemical impedance spectroscopy (EIS) was
used to determine the electrical properties of the probes over a large range of frequencies. For both CV and
EIS tests, we used a potentiostat (Reference 600+, Gamry Instruments, USA) connected to a three-electrode
electrochemical cell with a platinum wire as a counter electrode and a saturated Ag/AgCl reference
electrode. During CV tests, the working electrode potential was swept between 1.3 V and —0.9 V (water
window of GC [4]), maintaining a scan rate of 100 mV/s. The total charge storage capacity (CSC) was
calculated from the time integral of a CV cycle. During EIS measurements, 10 mV RMS amplitude sine
wave was superimposed on 0V potential with frequency sweep from 0.1 to 10° Hz. Equivalent circuit
modeling of the EIS data was done through Gamry Echem Analyst Vn 7.05 software (Gamry Instruments,
USA). For the accelerated aging test consisting of prolonged current stimulation patterns, we used a
cathodic-first charge balanced bi-phasic current pulses with 450 uA amplitude, 400 usec cathodic half-
phase period and a frequency of 1 kHz in saline solution (0.01 M PBS) using a Gamry Instruments Virtual
Front Panel (Gamry Instruments, PA, USA). This accelerated aging test corresponds to charge density of
0.25 mC/cm? and was applied over a period of 1000 hours. Voltage transient responses during stimulation
were acquired using the same potentiostat by simultaneously injecting stimulation current pulses and
recording the corresponding voltage excursions between working and counter electrodes. In regular
intervals, impedance was measured, and the integrity of the electrodes checked. The buffer pH was

measured regularly during accelerated aging test using pH/mv/ion benchtop meter (Jenco Electronics, TX).
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Fast-Scan Cyclic Voltammetry (FSCV) was used to evaluate the electrodes’ dopamine detection
performance with a WaveNeuro Potentiostat System (Pine Research, NC). For in-vitro dopamine
calibration, the FSCV waveform was used with a pyramidal excursion from —0.5 V to +1.3 V potential and
back to baseline with respect to the Ag/AgCl reference electrode at a scan rate of 400 V/s and 10 Hz
frequency [11]. The duration of each scan was 9ms (900 data points). Prior to the beginning of each
experiment, the same voltage waveform was applied to the microelectrodes at 60 Hz for 1hour for
activating the carbon surface of the microelectrodes. Known concentrations of dopamine (10 nM—1 uM)

were then infused over 5 seconds while changes in current were recorded for 20 seconds.

2.4 In-vivo Tests

Micro-ECoG Implantation:

All animal experiments were performed in accordance with the Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC) Guide for the Care and Use of Laboratory Animals
(8th Edition) and approved by the University of Washington Institutional Animal Care and Use Committee
(IACUC) under protocol number 4265-01. Adult female Long-Evans rats (300 g) were used in this study
and anesthesia was induced with a mixture of ketamine and xylazine. The animal was placed in a stereotaxic
frame and a craniotomy made 1.5 mm rostral and 4.5 mm caudal to the bregma and 1 mm lateral and 7 mm
lateral to the midline, targeting the left forelimb sensorimotor cortex. The microelectrode array was then
placed on the dura and stabilized by gel foam dental cement. A reference wire was connected to a screw on
the right parietal bone while a ground wire was connected to a screw on the occipital bone. Throughout the

entire procedure, body temperature of the animal was maintained with a heating pad placed under it.

Electrophysiology Recording

Brain signal recording sessions were carried out under anesthesia, 4 days after array implantation.
The implanted ECoG microarray was connected to a multichannel data acquisition system (Tucker-Davis

Technologies, FL) through an active (unity-gain) head-stage. Sensory evoked potentials (SEP) were
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obtained by applying bipolar surface stimulation to the surface of skin of the right wrist of an anesthetized
rat. Recorded data was digitized at 24.4 kHz and stored on a PC for further analysis. Subsequently, raw
signals were bandpass filtered (1-450 Hz, 4th order Butterworth, zero-phase) and down-sampled to 1 kHz
using Matlab software (Mathworks, Inc., MA). Low-frequency brain activity in evoked SEPs were
eliminated by a high-pass filter (30 Hz, 4th order Butterworth, zero-phase). In each recording session, 15
single, bi-phasic, squared wave stimulation pulses (pulse width: 500 us, pulse amplitude: 0.5 mA — 2 mA,
0.5 Hz) were applied to the surface electrodes and evoked response from 5 ms to 55 ms after stimulation
onset were averaged to obtain average SEPs12. The extracted evoked response between 5 ms to 55 ms after
stimulation onset was considered as an estimate for the signal, while the extracted spontancous activity
corresponding to 65 ms to 115 ms after stimulation onset was taken as an estimate for the background noise.
Subsequently, SNR (signal-to-noise ratio) of ECoG electrodes placed in six different positions across
forelimb sensory cortex were evaluated. The SNR value for each trial was defined as the ratio between the
variance of selected signal (evoked response) and the variance of selected noise (spontaneous activity). The
calculated SNR (mean =+ standard deviation) of all channels was used as a useful indication of the quality
of brain-signal recording. Furthermore, to show temporal-spectral representation of recorded data by GC
microelectrodes, the spectrogram of each ECoG channel were computed by applying 256 ms Hanning
window on each ECoG time-series. The corresponding short-time Fourier transform of each segment were

then computed using 200 ms overlap.

3. Results
In this section, we present the outcomes of the mechanical, electrical, and electrochemical

characterizations.

3.1 Optical and Cross-Sectional Characterizations
Optical microscopy and SEM were used to visually investigate the structural integrity of the probes.
As shown in Fig. 2a and Supplementary Figures S1-S3, the microelectrodes and interconnects (wire traces

and bump pads) look sharp and well-defined after a two-stage, double-sided, pattern transfer procedure.
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Both the top and bottom insulation layers appear structurally robust. As can be seen in Fig. 2b, d, FIB
characterizations of GC microelectrode/substrate and GC interconnect/substrate interfaces demonstrate that
the top insulation and bottom substrate polymer layers have an almost seamless interface with GC
suggesting a strong bond between GC and polymer layers. This smooth and seamless interface is an

important requirement for a tight integration and composite action between GC and the polymer layers.

3.2 Mechanical Characterizations

Results from mechanical characterization are summarized in Fig. 3 showing failure planes at
maximum load carrying capacity. Load-deflection curves under a tensile load are reported along with
calculated modulus (Supplementary Figure S4). For comparison purposes, tensile load tests were carried
out on probes with thin-film metal (Pt) microelectrodes and interconnects with similar geometry as their
aGC counterparts. The load carrying capacity for both types of probes was directly obtained from the load-
deflection curves and the resulting failure planes in transverse direction were further investigated using
SEM. The aGC probes failed at a tensile load of ~12 N at 1 mm extension with clearly defined elastic and
plastic regions observed in the load-deflection curves. On the other hand, probes microfabricated with thin-
film metal (Pt) microelectrodes and traces failed at an ultimate tensile load of 5 N at 0.7 mm extension. For
both thin-film metal and GC traces, the failure plane as shown in Fig. 3a, b passes through the traces with
no jagged discontinuity, suggesting a strong bond between durimide and the respective metal or GC layer.
The Young’s Modulus of the composite structure with GC microelectrodes and traces was calculated to be
~2.65 GPa whereas it was ~2.59 GPa for probes with Pt microelectrodes and traces. The modulus of aGC
probes was slightly higher than that of plain Durimide (2.5 GPa) suggesting a strong composite action
between GC and polyimide3. Optical observation revealed several micro-cracks in the thin-film metal
traces near the failure plane (Fig. 3a), whereas only a single additional crack was seen in the otherwise
intact GC trace (Fig. 3b), indicating different failure modes in the two types of probes. The extent of micro
cracks in the thin-film metal electrodes suggests that they were progressively produced during loading

resulting in earlier onset of electrical connection failure. For aGC probes, failure in the traces under tensile
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load seems to have occurred at higher load levels preceding plastic failure. Stiffness of aGC probes in
compression was determined through the Euler buckling load: Pcr=n2EI/(KL)?%, where E=Young’s
modulus, I =area moment of inertia (500 um width and 50 pm depth), K = effective length factor (usually
1) and L =length of probe. For the intracortical penetrating probes reported here, Pcr =2.13 mN, which is

substantially higher than ~1.5 mN force required to penetrate the cerebral cortex of a rat [13].

Durimide

GC

Durimide

|

———

10 kx 20kV SHM 50 kx 20kV

Figure 2.2 Details of the aGC neural probe. (a) 16-channel ECoG probe, (b) FIB cross-section near one of
GC electrodes showing embedding of electrodes between PI and Durimide. (c¢) FIB cross-section taken at
GC traces, (d) close-up of FIB image at GC trace. Box in (a) shows the location where FIB was taken. Note
that there are no adhesion layers or metal layers in aGC probes.
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Figure 2.3 Details of fracture planes following mechanical testing of aGC and thin-film metal (Pt) probes.
(a) SEM image highlighting failure plane in probes with metal interconnects where numerous micro-cracks
were developed prior to and at time of failure. (b) SEM image of failure plane in aGC probes. Apart from
the failure plane, a single crack is observed at failure while the rest of GC interconnects remain intact. This
micro-crack extends through the width of the specimen consistent with cracks that form during failure of
homogeneous materials.

3.3 Electrical, Electrochemical and Stability Characterizations

Electrical characterization results are shown in Fig. 4. The impedance values at 10 Hz, 100 Hz and
1 kHz are (42.5+£27.6) kQ, (10.7 +£4.9) kQ and (5.8 £ 1.2) kQ, respectively (mean and standard deviation,
n=10). These indicate an excellent range for micro-ECoG recording applications. The corresponding EIS
plots are reported in Fig. 4a. As the phase plot in Fig. 4a shows, impedances at frequencies higher than
4 kHz are dominated by almost exclusively a resistive component. Results from cyclic voltammetry of GC
microelectrodes are summarized in Fig. 4b demonstrating an approximately rectangular shape,
characteristic of microelectrodes exhibiting a predominantly double-layer capacitance. This is consistent
with several other reports showing that this type of behavior is exhibited by only purely carbon materials,

indicating that no faradaic reactions occur during the charging and discharging process [4, 14-17]. CSC,
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calculated as the time-integral of an entire CV cycle between the water oxidation and reduction potential

limits, is 61.4 = 6.9 mC/cm? (mean and standard deviation, n= 10).

This capacitive charge injection mechanism is also confirmed by the voltage transient shape (Fig.
4c¢) illustrating the comparison of voltage transients between GC and Pt microelectrodes with the same
dimension of 300 pum diameter and comparable impedance. Traces are in response to a biphasic, symmetric
current pulse of 450 pA amplitude and 400 usec of half-phase period. Due to the capacitive charge injection
mechanism of GC microelectrodes, the amplitude of voltage transient for the same current level applied to
both types of probes is much less in GC microelectrodes, producing maximum negative voltage (Vmaxneg)
of —1.03 V and maximum positive voltage (Vmaxpos) Of 0.25 V. These correspond to Enc (most negative
polarization voltage) across electrode-electrolyte interface of —0.75 V and Ema (most positive polarization
voltage) close to 0 V [18]. These values are safely within the maximum potential limits of water reduction
and oxidation for GC microelectrodes (i.e., —0.9 to 1.3 V; Fig. 4b). In contrast, for Pt microelectrodes, the
corresponding Vmaxneg, Eme, Vimaxpos and Ema values are —2.25V, —1.75V, 1.07 V and 0.7 V, respectively.
These values are substantially outside the maximum potentials corresponding to the water window of Pt at
—0.6 V to 0.8 V. Note that the maximum negative potential excursion (Emc) is calculated by subtracting the
access voltage (V,) associated with the Ohmic electrolyte resistance and overpotential terms from the
maximum negative voltage in the transient (i.e., Emc = Vimaxneg = Va and Ema = Vinaxpos — Va) 18. Va is defined
as the near-instantaneous voltage change at either the onset of the current pulse or immediately after the
current pulse is terminated [18]. In this condition, V, is 0.36 V for GC and 0.48 V for Pt (33% higher for
Pt), suggesting a substantially lower overpotential to be overcome in GC microelectrodes (Fig. 4c,d). Table

1 summarizes these results.

Further, to gain better insight regarding the charge transfer properties of the electrode, equivalent
circuit model is used to analyze experimental EIS data as shown in Figure 5. The optimal circuit model is
composed of the electrolyte resistance (Rs1) in parallel with a constant phase element (Zcpe) and the

Warburg diffusion impedance (Zy; Fig. 5, inset). Representative EIS bode plots of experimental data and
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equivalent circuit models are reported in Figure 5. The corresponding EIS parameters obtained by fitting

the experimental data to the model are: Rsoi = 4.095 kQ, Zcpe (Zepe = m) Y0=4.07¢—11 S*s*and o=
0

0.91, and Zw = 4.55¢> S*s2. Experimentally, capacitors often do not behave ideally but they act like a

constant phase element, define as: Zcpg = where Y, represents the capacitance and a is a constant

_r
() *Y
related to the angle of rotation in the complex plane compared to the purely capacitive behavior (Y,=1 for

a pure capacitor).

Results from accelerated aging test with cycles of electrical pulse applied over period of 1000 hours
are reported in Fig. 6a,b. Figure 6 summarizes EIS plots, CV cycles and voltage transients of GC
microelectrodes before and after 0.2, 1, 2, 2.5 and 3.5 billion cycles of electrical stimulation pulses. Prior
to pulsing, for example, the impedance value at 1 kHz was ~5.2 kQ. After 2, 2.5 and 3.5 billion cycles of
pulses, the impedance at 1 kHz was measured to be 5.75, 6.3, 8.8 kQ), respectively. In general, we observed
a decrease in impedance at low frequency ranges with a shift of the low frequency pole and a corresponding
increase in CSC. The CSC values increased from 45 mC/cm? to 180 mC/cm? after 0.2-3.5 billion cycles of
pulsing. This increase in capacitance is predominantly due to continued surface activation that is very
common in carbon microelectrodes [22]. The corresponding CV cycles are reported in Fig. 6b, exhibiting
the expected rectangular shape of capacitive microelectrodes. Again, as CV diagrams demonstrate, there

are no observable faradaic reactions occurring during charging and discharging processes.

As part of this accelerated aging test, pH value of ~7.55 was measured at several locations in the
flow-cell, well within the buffer’s initial pH of 7.4. This is expected due to the buffering action of the PBS
solution. Moreover, our findings are consistent with pH levels predicted by a transient FEA model in our
previous work where pH near the microelectrode surface returned back to the initial conditions after each

charge-balanced cycle [23].

SEM and AFM inspections of GC microelectrodes demonstrate that the mechanical integrity of the

microelectrode was still intact after 3.5 billion cycles of biphasic 0.25 mC/cm? pulses in PBS solution over
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a period of 42 days (Fig. 7). SEM images confirm that the insulation and substrate polymeric layers
remained intact and well attached to GC microelectrodes at the end of this accelerated aging under electrical
stimulation. Further, as shown in Fig. 7, AFM images of the microelectrodes were taken at 25 pm % 25 um
area before and after aging to determine if there was any quantifiable and visible corrosion of the exposed
microelectrodes. AFM morphology analysis indicated that, before stimulation, mean roughness of the
microelectrode surface was 43.55 + 3.09 nm (n =4) while after stimulation, it was 44.00 = 6.69 nm (n=4).
A corresponding t-test gave a nonsignificant difference (P value > 0.05) between the mean roughness of the
surfaces under the two conditions, confirming that there was no discernible corrosion after the aging

process.

To test GC microelectrodes at near their charge injection limit, we applied a cathodic-first charge
balanced bi-phasic current pulses with 5.1 mA amplitude, 400 usec cathodic half-phase period and a
frequency of 1kHz in saline solution (0.01 M PBS) for 50 million cycles of pulses (3 mC/cm?). Voltage
transients of a GC microelectrode in response to this biphasic pulse together with impedance spectra and
the corresponding CV plots before and after 20, 40, 50 billion stimulation pulses are reported in
Supplementary Figure S5, demonstrating that the microelectrode was able to sustain aggressive stimulation

without significant changes in electrochemical performances.
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Figure 2.4 Electrochemical characterization of GC electrodes. (a) EIS plot (mean and standard deviation,
n=10), (b) representative cyclic voltammogram, (c) comparison of the voltage transient of GC versus Pt
300 pm diameter microelectrodes in response to a biphasic, symmetric 450 pA current pulse. (d)
magnification of the voltage transients of the GC, (e) magnification of the voltage transients of Pt. Both
plots show underlying the elements that contribute to the voltage transient, used for the calculation of the
maximum positive polarization (Ema) and the maximum negative polarization (Emc) possible across the
electrode-electrolyte interface. The values of Emc and Ema for GC and Pt are (-0.75 V, 0 V) and (-1.75 V,
0.75 V) respectively, indicating a lower overpotential and, hence, lower-threshold for electrokinetics for
GC microelectrodes.
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Table 2.1 Summary of key parameters in voltage transients for GC and Pt microelectrodes

Material AV Eipp Va AEp Emc Ema Vmax,ncg Vmax,pos
GC 0.72 -036 036 036 —0.75 0.05 —-1.03 0.25

Pt 1.88 —0.31 0.48 1.4 -1.75 0.71 -2.25 1.07
Emc = (Vmax,neg — Va), Ema=(Vmax,pos — Va), and AEp=AV —Va
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Figure 2.5 Equivalent Circuit for aGC electrode. EIS parameters obtained by fitting the experimental data
to the model are: Ryol = 4.095 kQ, CPE with a Yo=2.847¢3 S*s*and a = 0.91 & Zw = 4.55¢ S*s!2.
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Figure 2.6 Effect of accelerated aging through bi-phasic pulsing in PBS for 42 days (1000 hours). (a)
Impedance spectra before and after 0.2, 1, 2, 2.5 and 3.5 billion of 0.25 mC/cm? stimulation pulses in PBS.
The SEM picture of the GC microelectrodes after 3.5 billion pulses is reported in the inset. (b)
Corresponding cyclic voltammograms over the range of stimulation pulses.
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Figure 2.7 SEM and AFM image of microelectrode surface (a) before stimulation and (b) after 3.5 billion
pulses of stimulation.

3.4 In-Vivo Electrophysiology Tests
SEPs caused by the bi-phasic stimulation pulses on the right wrist were recorded via the ECoG

microelectrode array implanted on the left forelimb sensory cortex of an anesthetized rat. Figure 8a shows
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the craniotomy made targeting the left forelimb sensorimotor cortex where the probes were implanted. Plots
of brain activities sampled from six channels of GC microelectrodes implanted in the sensory cortex four
days after the implantation surgery are shown in Fig. 8b. To verify the quality of brain recording using GC
microelectrodes, the average-SEP of different channels were calculated in response to the surface electrical
stimulation of hand area. Figure 8c shows a typical average-SEP (mean =+ standard error) of a single ECoG
channel for 5ms to 55 ms after stimulation onset, with average-spontaneous activity of the same ECoG
channel for 65 ms to 115 ms after stimulation onset. The time frame between 5 ms to 55 ms was considered
adequate to cover the entire SEP response, as all SEPs were observed in this time range. The large positive
and negative response corresponding to 15ms after stimulation onset demonstrates that the ECoG
microelectrodes successfully recorded early response of sensory neurons in somatosensory cortex in the
presence of background spontaneous activity. Figure 8d shows the power spectrum of the same six
channels. As can be seen, all of the microelectrodes recorded brain activities in physiological spectral range
without interference from non-physiological noise such as power line noise. Further, Supplementary Figure
S6 shows that the spectrograms representing brain signals could be recorded across different frequency
bands using GC microelectrodes. In Table 2, the mean (+standard deviation) SNR value (16+6) and
impedance of all ECoG channels are shown. Collectively, the in-vivo tests demonstrate that the GC ECoG

microarray can successfully record multi-site, temporal and spectral brain information with high SNR.

3.5 Neurotransmitter (Dopamine) Detection

Figure 9 summarizes the results obtained from a series of FSCV characterizations on a 500 um? net
surface area penetrating GC microelectrode probes (Supplementary Figure S2). Figure 9a shows an
example of dopamine signals detected using a standard pyramidal FSCV waveform in which the applied
voltage was ramped from the holding potential of —0.5 V to the switching potential of +1.3 V and then back
to —0.5 V at 400 V/s scan-rate. In particular, the color plots show changes in current following the injection
of 10 nM of dopamine (DA) at t=15 secs first and subsequently an additional 10 nM at t =25 sec in the

base PBS buffer. These changes in currents occurred at the known reduction and oxidation peaks of DA
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(i.e., —0.18 V and 0.62 V), as clearly shown in the background subtracted CVs for 10 nM and 20 nM DA
given in Fig. 9b. Further, to determine a calibration curve over a wider range of concentrations, additional
sets of FSCV were carried out at 10, 20, 50, 100, 200, 500, 700 nM and 1 uM concentration of dopamine
in PBS. As shown in Fig. 9c, the background subtracted CVs corresponding to these range of concentrations
demonstrate reduction and oxidation peaks at (—0.18 V) and (0.62 V). In addition, the calibration curve for
these concentrations of DA varying from 10 nM to 1 uM follows a linear trend as reported in Fig. 9d. This

low detection limit of dopamine at 10 nM represents one of the lowest reported limits in the literature.
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Figure 2.8 (a) Schematic figure of the GC microelectrodes array implantation site on the left forelimb
sensory cortex with electrical stimulation on the skin of the right wrist (b) Example of raw ECoG data
recorded using GC microelectrodes arrays implanted in the forelimb area of rat sensory cortex (c) Average-
SEP response related 5 - 55 ms after surface electrical stimulation of hand skin with the average-
spontaneous activity related to 65 - 115 ms after stimulation. (d) Corresponding power spectrum of the
same ECoG channels.
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Table 2.2 Average SNR value and impedance of GC microelectrodes arrays implanted in the forelimb area
of rat sensory cortex in the recording session.

SNR (mean = std) Impedance of all electrodes | Impedance of Ground electrode
(KQ) (mean =+ std) (KQ)
166 8116 <0.1
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Figure 2.9 (a) Representative color plot showing changes in current following 20 nM DA injection in PBS
in-vitro; (b) correspondent background subtracted CV, showing reduction (-0.2 V) and oxidation (0.6 V)
peaks of DA. Dopamine signals were measured using a standard pyramidal FSCV waveform in which the
applied voltage was ramped from the holding potential of —0.5 V to the switching potential of +1.3 V and
then back to —0.5 V at 400 V/s. (c) Background subtracted CVs, showing reduction (-0.2 V) and oxidation
(0.6 V) peaks of respectively 20,100, 200, 500, 700 nM and 1 pM DA concentration in PBS, (d) calibration
curve corresponding to conditions in d. (e) Background subtracted CVs, showing reduction (-0.2 V) and
oxidation (0.6 V) peaks of 50 and 500 nM of DA in presence of 1| mM AA in PBS; (f) Calibration curve of
the oxidation (0.6 V) peak of respectively 50, 100, 200, 500, 700 nM and 1 pM DA concentration in 1 mM
AA in PBS.
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Further, the capability of this aGC platform for selective detection of dopamine in the presence of
Ascorbic Acid (AA) was also investigated. AA typically occurs in much higher concentration than that of
DA (100-1000 times) and strongly interferes with DA detection24. Hence, the determination of DA with
high selectivity and sensitivity in presence of AA is desirable for diagnostic applications. GC
microelectrodes were able to detect 50nM DA in the presence of 1 mM AA with high resolution.
Background subtracted CVs showing reduction (—0.2 V) and oxidation (0.6 V) peaks of 50 nM and 500 nM
of DA in presence of 1 mM AA in PBS are reported in Fig. 9e. The corresponding calibration curve shows
a linear trend (Fig. 9f). This capability uniquely underscores an additional strong asset of GC
microelectrodes in neurotransmitter detection through FSCV, a capability that is not matched by thin-film

metal or metal oxide microelectrodes.

Discussions

This study aims to overcome key barriers towards long-term clinical translation of neural probe
technology. We demonstrate (i) long-term stimulation of electrodes at biologically relevant charge
densities, (ii) ability to electrochemically sense neurotransmitters with the same platform as electrical signal
recording, and hence potentially enable understanding of the interplay between the two signaling
modalities, (iii) no corrosion of the electrode material and, (iv) no delamination of layer. The extensive
characterizations reported here are targeted towards investigating these capabilities and establishing the
suitability and superiority of GC microelectrodes towards advancing clinical translation of neural interfaces.

Below, we review these in light of key results reported in the literature for other competing probe materials.

The mechanical and electrical integrity of the aGC probes, when exposed to aggressively large
number of electrical stimulations cycles, is documented via SEM, AFM, FIB, EIS and CV characterizations.

AFM and SEM images taken at several locations on the microelectrodes after accelerated aging show that
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there is no measurable and statistically significant difference on the surface roughness of the
microelectrodes before and after aging. This strongly supports the observation that GC experiences no
corrosion for voltage excursions applied within its wide electrochemical window of 2.4 volts [4]. Further,
the maintenance of strong mechanical integrity of the probes after 1000 hours of accelerated aging under
active electrical stimulation indicate that the attachment between GC microstructures and polyimide
remains excellent. We had previously shown that the interface between GC and polyimide is dominated by
strong hydrogen bonds through hydroxyl and carbonyl groups as well as covalent bonds through anhydride

groups [25].

It is important to closely examine if this exceptional performance in mechanical integrity is
accompanied with equally superior electrical and electrochemical performance. For that, a closer
examination of surface electrochemical kinetics in GC microelectrodes will provide useful parameters for
assessing the performance of these microelectrodes under recording and electrical stimulation conditions.
For example, CSC is typically an excellent indicator of the type of dominant current transduction in a
microelectrode (i.e., faradaic Vs double-layer charging). In this study, we show that for GC microelectrodes
made of a single and homogenous material with no coating of any kind, CSC is as high as
61.4+ 6.9 mC/cm?. This value is slightly lower than that of carbon nanotubes (CNT) directly grown on
metal microelectrodes (70.8 + 1.1 mC/cm?)14,15, but much larger than porous graphene (50 mC/cm?)17.
For further comparison, CSC for PEDOT-PSS coatings is 40.4+4.8 mC/cm? while it is
893.5+137.8 mC/cm? for PEDOT-PSS-CNT coatings and ~90 mC/cm? for AIROF (Activated Iridium
Oxide Film) microelectrodes [26-30]. All these microelectrode materials, however, utilize a coating on top
of a thin-film metal layer. In the case of AIROF, it has an additional drawback of transferring charges
through faradaic reactions that could result in microelectrode degradation and tissue damage. Therefore,
our data support the interpretation that GC has the highest reported CSC for a single and homogenous probe
material. In fact, if the surface of GC could be made porous through plasma etching or similar processes,

the CSC value may further increase significantly.
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Additional insight into electrode kinetics in GC microelectrodes can be obtained from voltage
transients. The voltage transients in GC, in both negative and positive excursions, show a rapid and almost
instantaneous convergence in the voltages suggesting a very fast electrode polarization. Pt microelectrodes,
on the other hand, show a steep slope and slower polarization before Vmax-neg or Vmax-pos are reached.
The voltage residuals at the end of each pulse cycle are also revealing in terms of the speed of charging and
discharging. GC microelectrodes almost instantaneously converge back to starting potential whereas Pt still
has significant voltage residual. In addition, electrode overpotential (1)), which represents the deviation from
the equilibrium potential (E — Eg), is mainly driven by redox process and is a very good indicator of surface
electrode kinetics [18,29-31]. The net voltage drop at the electrode is a sum of the Ohmic IR drop, electrode
overpotential (drives redox at electrode/electrolyte interface), solution overpotential (due to transient charge
distribution), and the shift in the equilibrium potential of the electrode (i.e.,
AV =R + Neleetrode T Nsol T+ AE) 18. Here, the same buffer is used for GC and Pt microelectrodes. Therefore,
the differences in AV between the two materials are mostly due to electrode overpotential (1ciccirode), and to
a lesser extent on solution overpotential (ns1). The overpotential of GC is significantly lower than that of
Pt (0.38 Vs 0.48 V) suggesting that the voltage drop at the GC microelectrode surface due to overpotential
accompanied by double layer charging and discharging is low (i.e., no reaction occurs). This is expected as

overpotential is mainly influenced by faradaic reactions that are dominant in Pt microelectrodes.

With regard to accelerated aging under electrical stimulation, the charge density used in the
experiments reported here (i.e., 0.25 mC/cm?) is consistent with the charge density used to evoke sensations
in humans using millimeter-scale ECoG electrodes [32]. In the literature, there have been several reports of
accelerated aging tests with and without electrical stimulation. With respect to passive (non-electrical)
accelerated aging, thin-film Pt microelectrodes with adhesion promoters (i.e., polyimide-DLC-SiC-Pt)
subjected to constant temperature of 37 °C for a period of 1 year [33], silicon carbide microelectrodes
immersed in a buffer heated to 96 °C for 1600 hours [34], and PEDOT-coated microelectrodes immersed

in buffer for 4 weeks have been reported [28]. These tests, however, were limited to either mechanical shear
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strength or current leakage of the probes. Electrical stimulation tests were reported for iridium
microelectrodes with 2 billion cycles applied over ~167 hours (0.25 mC/cm?) [35], porous graphene
microelectrodes under 1 million biphasic current pulses [17], GC with adhesion promoters (SiC and DLC)
under 20 million pulses (0.2 mC/cm2) [36], CVD-CNT-coated electrodes under 1 million pulses
(1.6 mC/cm?) [15], and PEDOT-coated electrodes subjected to 24-hour biphasic stimulation (3 mC/cm?)
[29]. In general, the use of coatings is often a point of weakness, especially in cases where there is active
electrical stimulation. A variety of materials such as titanium nitride, iridium oxide, PEDOT, and carbon
nanotube composites have been adopted as coating layers [37-47]. However, these materials are prone to
delamination during stimulation and long-term implantations, caused typically by poor adhesion between
the coating material and the metal electrode [37,38,45]. Our current work is the first reported case where
any neural probe, either with or without a coating, is subjected to 1000 hours and 3.5 billion cycles of active
electrical current pulses. During these tests our probe exhibited no corrosion, delamination, or any sort of
mechanical or electrical failure. Furthermore, on the same GC microelectrodes, we carried out an even more
aggressive test at charge injection limit of 3 mC/cm? with a cathodic-first charge balanced bi-phasic current
pulses consisting of 5.1 mA amplitude, 400 psec cathodic half-phase period and a frequency of 1 kHz in
saline solution (0.01 M PBS) applied for 50 million pulses. Once again, GC microelectrodes survived this
extreme test with no delamination of polymeric layers and no corrosion of electrodes. Further comparisons

are given in Supplementary Table 1.

What drives this resistance to corrosion in GC microelectrodes? In the case of GC microelectrodes
reported here, the ability to withstand such a high number of cycles of pulses can be explained by the fact
that (i) GC is a homogeneous material with no crystalline structure; hence devoid of granular surfaces that
could act as points of initiation of corrosive chemical reactions during stimulation [1,2] and (ii) weaker
metal adhesion layers have been eliminated. A previous study using AFM and SEM characterization
demonstrated that surface roughness of GC is only a few nanometers, an order of magnitude smaller than

typical thin-film metal electrodes [4,47]. In addition to this smoothness in surface, the current study has
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demonstrated that absence of a thin-film adhesion (Cr or Ti) and thin-film metal layer (Pt or Au) eliminates
any potential Galvanic corrosion in probes [48]. This is a key distinguishing aspect of the technology

presented here.

In addition, our demonstration of high-resolution real-time in-vitro neurotransmitter detection
through background-subtracted FSCV using GC microelectrodes highlights the versatility and multi-modal
(electrical and electrochemical) recording capabilities of the platform. Driven by its high spatiotemporal
resolution and ability to detect sub-second fluctuations in neurotransmitter concentrations, FSCV has
become a technique of choice for neurotransmitter detection. The 10 nM limit of detection (LOD) for
dopamine reported here is one of the lowest ever reported in the literature. Given that biologically relevant
dopamine concentration characteristic of living systems is within 26-40nM [49], such a low LOD
represents significant progress in this area. There are several reports in the literature that document similar
level of sensitivity. For example, CNT directly grown on metal microelectrodes (CNT-Nb) have shown
dopamine detection limit of 11+1nM[50], whereas SWCNT (Single Walled CNTs) on metal
microelectrodes have shown LOD of 17nM][51]. Further, for carbon nanofibers modified by
PEDOT/graphene oxide coating, LOD of 85nM was reported[52] while laser-treated CNT yarn
microelectrodes (CNTYMEs) have been shown to have LOD down to 13 +2 nM[53]. Further comparisons
are given in Supplementary Table 2. As shown in the table, the GC LOD of 10 nM is superior to all other
probes measured. Further, it is noteworthy that the majority of FSCV experiments reported in the literature
were performed using carbon-fiber microelectrodes or single microelectrodes, allowing only single
measurements. Glassy carbon microelectrodes, on the other hand, are suited for multi-site FSCV detection,
similar to reported 3D carbon nanofiber microelectrode arrays (MEAs) fabricated through O, plasma-
assisted pyrolysis [54], and pyrolyzed carbon MEAs using thin positive resists on non-biocompatible silicon

substrates that were used for dopamine detection [55].

An obvious question is what drives this high neurotransmitter sensitivity? GC surfaces—as reported

here — are ideal for detecting neurotransmitter electrochemical activity due to the intrinsic hydroxyl groups
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that form on their surfaces [25]. These hydroxyl groups are favorable for adsorption of cationic species
such as dopamine whose amine side chain gets protonated at physiological pH [56]. Further, the strength
of adsorption of dopamine at GC surface (and hence sensitivity) has been shown to correlate with increased
heterogeneous electron transfer kinetics. This is an advantage of GC, as demonstrated in the voltage

transients of Fig. 4c—e.

4. Conclusions

In this study, we introduced the first use of all glassy carbon probe structure where microelectrodes,
traces, and bump-pads are all fabricated from a single and homogeneous GC material. The probe
experienced no measurable corrosion after a very aggressive accelerated aging test that involved 3.5 billion
cycles of pulses. Through extensive characterizations, the versatility of this material, that may accelerate

the translation of neuroprosthetic devices to clinical use, was demonstrated.

The following points highlight some of the key findings reported in this work:

1. The process introduced is compatible with MEMS and semi-conductor processes making the fabrication

of these electrodes and their integration with CMOS a possibility.

2. GC microelectrodes have high SNR (>16) in-vivo recordings capability.

3. The accelerated aging introduced here is a record-setting 3.5 billion cycles of bi-phasic charge-balanced
pulse train over period of 1000 hours. To the best of our knowledge, this is the first report on pulsing at this

level and duration.

4. The corrosion rate in GC is very minimal and there was no difference between new and aggressively

aged microelectrodes.

5. There was no failure at the GC and polyimide interface after 3.5 billion pulses and 1000 hours of

immersion in a buffer. This suggests a strong mechanical robustness at the interface of microelectrodes and
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the supporting as well as insulating substrates aided by both hydrogen bonds (hydroxyl and carboxyl

groups) and covalent bonds (anhydride groups).

6. GC microelectrodes have one of the highest reported CSC for single material non-coated neural probe

(i.e., 61.4+ 6.9 mC/cm?).

7. GC microelectrodes have one of the lowest limits of detection for dopamine at 10 nM. This is a significant

finding.

8. The same probe materials are capable of stimulating, as well as recording both electrical and
electrochemical signals (neurotransmitters). Therefore, GC microelectrodes offer a multi-modal platform
that may accelerate investigation into the interplay between electrical and electrochemical signaling in the

brain.

Collectively, our results demonstrate that GC may be an ideal microelectrode material for
neuroprosthetics devices given its good impedance, excellent electrochemical response, high fidelity
recordings, strong resistance to corrosion after billions of pulses of electrical stimulations, and ability to
electrochemically detect neurotransmitters at one of the lowest concentrations reported. It is rare to find all

these attributes in a single platform.
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Abstract

The recent introduction of glassy carbon (GC) microstructures supported on flexible polymeric
substrates has motivated the adoption of GC in a variety of implantable and wearable devices. Neural probes
such as electrocorticography and penetrating shanks with GC microelectrode arrays used for neural signal
recording and electrical stimulation are among the first beneficiaries of this technology. With the expected
proliferation of these neural probes and potential clinical adoption, the magnetic resonance imaging (MRI)
compatibility of GC microstructures needs to be established to help validate this potential in clinical
settings. Here, we present GC microelectrodes and microstructures—fabricated through the carbon micro-
electro-mechanical systems process and supported on flexible polymeric substrates—and carry out
experimental measurements of induced vibrations, eddy currents, and artifacts. Through induced vibration,
induced voltage, and MRI experiments and finite element modeling, we compared the performances of
these GC microelectrodes against those of conventional thin-film platinum (Pt) microelectrodes and
established that GC microelectrodes demonstrate superior magnetic resonance compatibility over standard
metal thin-film microelectrodes. Specifically, we demonstrated that GC microelectrodes experienced no
considerable vibration deflection amplitudes and minimal induced currents, while Pt microelectrodes had
significantly larger currents. We also showed that because of their low magnetic susceptibility and lower
conductivity, the GC microelectrodes caused almost no susceptibility shift artifacts and no eddy-current-
induced artifacts compared to Pt microelectrodes. Taken together, the experimental, theoretical, and finite
element modeling establish that GC microelectrodes exhibit significant MRI compatibility, hence
demonstrating clear clinical advantages over current conventional thin-film materials, further opening

avenues for wider adoption of GC microelectrodes in chronic clinical applications.

1 Introduction
Increasingly, carbon is becoming a compelling material of choice for the micro- and
nanofabrication of a variety of micro devices with applications varying from biochemical sensors to

microcapacitors and batteries [1-3]. The recent introduction of neural probes consisting of glassy carbon
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(GC) microelectrodes microfabricated through carbon micro-electro-mechanical systems (C-MEMS)
technology and transferred to flexible polymer substrates has opened up significant opportunities in
wearable and implantable carbon devices. This trend will continue as more evidence supporting the superior
performance of GC microstructures in applications requiring extended electrical, electrochemical, and
mechanical stability under chronic in vivo conditions emerge [4].

In the meantime, magnetic resonance imaging (MRI) is increasingly being used under pre- and
post-surgery conditions for the brain imaging of patients as well as animal models already implanted with
electrocorticography (ECoG) or deep brain stimulation (DBS)-type neural probes. These MRI modalities
are typically needed to investigate outcomes of DBS or chronic sulcus electrode placement and to evaluate
pathological abnormalities related to electrode implantation [S]. They are also used for guiding surgery in
chronically implanted microelectrode arrays in inaccessible areas of the cortical sulcus where a
magnetization-prepared rapid acquisition with gradient-echo (MPRAGE) sequence is acquired for
stereotaxically positioning the array [6]. In addition, the 3D atlas MRI co-registration method has been used
to localize stimulating electrodes of DBS systems in Parkinson’s disease patients [7].

However, there is a significant number of documented cases where neural implants give rise to
visible artifacts in MRI images [8]. Specifically, these MR images have shown distortion artifacts due to
mismatches in the magnetic susceptibility of electrode materials and brain tissue, leading to inaccurate
observations of electrodes in MR images due to hypo or hyper signals at these interfaces [7]. Furthermore,
the interaction between conductive materials and radio frequency (RF) fields results in the heating of
electrode surfaces, in which the transmitted RF field is absorbed in the electrode material, causing heating
[9,10]. An increase in temperature up to 7 °C due to RF electrical field induction of current in the leads of
electrodes has been reported11. In addition, since neural implant materials are usually tested under high
magnetic fields (up to 3 T), excitation by RF and rapidly switching gradients cause not only imaging
artifacts but also eddy currents. The use of MRI, therefore, understandably raises concerns about risks such
as heating of the cortex due to induced currents [11,12] and mechanical movements of electrodes due to

gradient-induced vibrations.
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In general, while designing cortical electrode arrays compatible with MRI, the hazards to be
considered are (1) forces generated due to the interaction between gradient fields and the static By field with
the implanted electrode, (2) induced voltages due to a changing gradient field and RF field and movement
of the electrode inside the scanner, (3) heating of the electrode due to RF pulses and electric fields generated
by a time-varying magnetic field, and (4) imaging artifacts originating from (a) susceptibility mismatch
between the electrode material and surrounding brain tissue and/or (b) Bi-field distortion due to inductions.
To avoid or minimize the imaging artifacts, electrode materials with magnetic susceptibility matching that
of brain tissue have been introduced, such as printed carbon ink electrodes on organic polymer substrates
[13], titanium-based microelectrodes [14], silicon microelectrodes for neural recording and
stimulations[15], and carbon nanotube yarn electrodes[16]. However, while these materials have good MRI
compatibility, they nonetheless suffer from a lack of long-term electrical and electrochemical stability. In
this study, therefore, we build upon the excellent magnetic susceptibility performance of carbon materials
and the excellent stability of GC4 and investigate the response of GC microelectrodes to MRI from the
perspective of induced voltages, mechanical forces, and vibrations, as well as artifacts. We additionally
create a finite element model (FEM) to validate the experimental measurements of induced voltages,
currents, and mechanical forces. The aim is, therefore, to extend the application of GC to implantable
devices, where other modalities such as live and simultaneous MRI are required for clinical purposes on
subjects with implanted neural devices.

2 Materials and Methods
2.1 Microfabrication of GC Microelectrodes

To investigate and compare the MRI compatibility of GC microelectrodes and thin-film metal
microelectrodes, we fabricated probes made of both GC and Pt microelectrodes in two sets as shown in Fig,.
1. The first set consisted of a ground electrode of an ECoG probe (one with GC and another with Pt with a
rectangular geometry of 2 cm x 1 cm) supported on a polymer substrate, while the second set consisted of
ring electrodes of 5 cm outer diameter and 3 cm internal diameter supported on a silicon wafer. Ground

microelectrodes were selected for the MRI study because they represented microelectrodes with the largest
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surface area in an array of recording and stimulation electrodes in neural probes. The core C-MEMS
microfabrication technology that is used for these GC devices supported on polymeric substrates is
described in detail elsewhere [17]. Briefly, a SU8-10-negative photoresist (Microchem, Westborough, MA,
USA) with a final thickness of 6 um was spin coated, and a ground microelectrode (2 cm x 1 cm) was
patterned. Pyrolysis of the negative resist layer was conducted following protocols described elsewhere
[18,19]. In brief, the pyrolysis of the patterned microelectrode array was carried out in a quartz furnace
under a vacuum or an inert atmosphere of nitrogen gas with a flow of 50 ml/min at 1000 °C for 90 min. The
ensuing GC layer was then covered with a layer of non-photosensitive Durimide 115a and patterned
(protocol described elsewhere)4. Subsequently, a thicker layer of Durimide 7520 (Fujifilm USA, Inc.,
Mesa, AZ, USA) was photolithographically patterned to provide a stiffer substrate for the ground
microelectrode. This was followed by etching of the silicon dioxide in a buffered hydrofluoric acid bath.
For the probes with Pt ground microelectrodes, conventional metal lift-off on a polymer layer was carried

out. The details are given in the Supplementary Section (Fig. S1).
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(A)
(B)
1. Spin-coat with negative resist (SU8-10)

SU-8 photoresist

4. Spin-coat Durimide 115a and pattern with RIE

Durimide layer GC

Si substrate

2. Pattern negative resist (photolithography) 5. Spin-coat Durimide 7520 and pattern
g
Si substrate Si substrate
3. Pyrolysis of SU8 microstructures 6. Etch oxide layer with BHF to release from Si substrate

GC
Si substrate Durimide 115a

Figure 3.1 (A) Probes with GC and Pt ground microelectrodes of 2cm x lcm geometry supported on
polyimide substrate, and circular GC and Pt microelectrodes (OD =5 cm, ID = 3 c¢m) supported on silicon
substrate, (B) UV Photo lithography steps for microfabrication of GC microelectrodes on flexible substrate.

MRI Measurements

MR images of GC and Pt microelectrodes of identical dimensions (2cm x 1cm) shown in Figure
1A were acquired by a Siemens 3T Prisma scanner that is commonly used for clinical imaging (Siemens
GmbH, Erlangen, Germany). In order to simulate the brain tissue environment, a phantom was prepared
by dissolving phosphate buffered saline (PBS, 0.01 M) in agarose in a glass petri dish, where subsequently
GC and Pt microelectrodes were immersed. The agarose gel solution was allowed to solidify to avoid
trapping of bubbles. As shown in Figure 2, the agarose phantom with the microelectrodes was then placed
on top of the MRI phantom (Solution N per 1000g H>O dist.: 3.75g NiSO4 x 6H>0, 5g NaCl, 5300 ml,

Siemens Healthcare GmbH, Germany) to position the microelectrode near the isocenter of the coil. MR
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images of the PBS-Agarose phantom with GC and Pt microelectrodes were collected to test for MRI
artifacts (Figure 2A). The following MR sequences were run with the 3T scanner: (i) T1-weighted images
were acquired using an inversion-prepared 3D gradient echo sequence (MPRAGE) with 0.8x0.8x0.8
mm? resolution, flip-angle=9°, TE=3.15 ms, TR=7.7 ms, TI=900 ms, FOV=200x200x179 mm, inversion
repeat time=2300 ms, (i) T2-weighted images were collected using a variable flip angle 3D turbo spin-
echo sequence (SPACE) with 0.9x0.9x0.9 mm’® resolution, TE=408 ms, TR=3200 ms,
FOV=230x230x173 mm, averages=1.4, (iii) 2D dual echo By field map with 3x3x2 mm? resolution, TE1
=4.92 ms, TE2 = 7.38 ms, TR = 600 ms, FOV = 192x192 mm, flip-angle=60°, and (iv) gradient echo
multiband EPI sequence (fMRI) images were acquired using a multi-band echo planar imaging sequence
with 2x2x1 mm?® resolution, TR=1.02 s, TE=31 ms, flip angle=60°.

Further, for higher spatial resolution, we acquired 3D gradient-echo images (GRE) and Bo-field
maps using an 11.7T scanner (500 MHz Bruker Avance III, Ettlingen, Germany). Due to limited sample
space, we trimmed the GC and Pt microelectrodes to quarter pieces and mounted them onto a sample holder
that was placed inside the wide-bore magnet as shown in Figure 2b. We used a standard 3D Cartesian GRE
sequence with TR =30 ms, TE =2.02 ms, FA = 15°, and an isotropic resolution of 100 pm. To investigate
effect of B, distortion, the sample was oriented such that the B; vector was orthogonal to the surface of the
electrodes [20]. The Bo-field map was acquired using a predefined integrated protocol in the machine
software (ParaVision, FieldMap) which uses two GRE sequences with varying echo times. In this case, the
samples were oriented such that the B, vector was parallel to the surface of the microelectrodes to suppress
B, field distortions. The By map parameters were identical to the GRE sequence except TE1 = 1.675 ms

and TE2 = 26.811 ms.
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Figure 3.2 The experimental setup used for MR imaging (A) 3T Human MRI scanner with glassy carbon
and platinum microelectrodes placed on an MRI phantom and GC and Pt cortical microelectrodes immersed
in an agarose, (B) quarter of microelectrode specimen mounted in 11.7 T scanner.
2.2 Finite Element Modelling of B,-Field Map

FEM simulations of the effects observed were modeled in COMSOL Multiphysics (COMSOL AB,
Sweden) using the 2cm x 1cm rectangular microelectrodes as a domain (Figure S2). Static magnetic fields
(B, effects) were obtained by solving for the magnetic scalar potential using Gauss’ Law, dynamic
electromagnetic behavior (gradient effects) by solving for the magnetic vector potential and current fields
using Ampere’s and Faraday’s Laws and the radiofrequency behavior (B effects) by solving for the electric
field of the Maxwell equations. The materials simulated were Pt (g ~=0.735, y= 279 ppm, 6= 9.43x10°
S/m), GC (& ~=12.5, x =-1.2 ppm, ¢ = 6803 S/m), and PMMA (&, ~= 2.6,y =-1.2 ppm, 6 ~=0 S/m) in a

water phantom (g ~= 80, x = -9.05 ppm, 6 ~= 0 S/m) [21-24].

2.3 Gradient Induced Vibration Measurements
All vibrational experiments were conducted within a 1.5T permanent magnet system (Bruker,
ICON). A custom-built probe [25,26] was used to investigate the torque produced by the ground

microelectrode when exposed to gradient switching. The main experimental setup is illustrated in Figure 3.
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Vibration occurs if conductive structures are placed inside a static magnetic field where additional time-
variable magnetic field featuring a linear gradient is superimposed. In the setup presented here, the produced
torque leads to a mechanical deflection which could be precisely measured by reflection of a laser beam
using a segmented photo diode.

To acquire the torque produced by different implants, we fixed the microelectrodes on a PMMA
substrate and mounted it on the coil-sample interface. Then, we followed a three-step measurement protocol
to determine the torque produced by the implants. The protocol is described in supplementary section C.

The mechanical setup illustrated in Figure 3 is modelled by a harmonic oscillator using Equation

J0 +T0 + ub = 1(t) Equation 1
where J is the moment of inertia, I” is the rotational friction, u is the torsion constant, T is the external
torque, and 6 is the measured deflection angle. We designed the setup to produce the externally applied
torque in two ways. The first one involved a precisely controlled current /() with respect to amplitude and
frequency that was passed through an actuation coil with a determined surface area 4. This produces a
controllable torque shown in Equation 2. The normal vector of the surface 4 with the vector of B, forms

the angle a.
71(t) = I(t)Asin(a)By. Equation 2

The second one involves the gradient-switching-produced eddy currents which leads to a torque

T, (t) as given by Equation 3.

,(t) = — % G,zrmotrd B, sin(a) cos(a) Equation 3
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where G, is the gradient slew rate, z is the position of implant (center of gravity), o is the electrical
conductivity, ¢ is the thickness of the conductive layer, 75 is the largest dimension of implant, and « is the
angle between normal vector of the implant surface with By and G, (Bo || G,). As a control group, we
prepared an additional set of samples with (i) a sample exhibiting very high conductivity using a 40 um
thick copper foil (Chomerics CCK-18-101-0200) and (ii) a non-conductive empty PMMA substrate (Figure

3).

Samples

Actuation coil
Coil-Sample interface

Beam suspension

PMMA plate

Test electrodes (ground plane)

1. Laser beam
2. Photodiode (4 seg.)
3. Mirror (SiO,)

Figure 3.3 Details of the experimental setup for the measurement of gradient induced vibrations in the field
of a permanent magnet 1.5T MRI system (ICON, Bruker, Germany). Top left: Image with cm scale bar of
the test samples. Top right: Illustration of the measurement head. The microelectrode (8) is fixed on a
PMMA plate (7) and mounted onto a coil-sample interface. The coil-sample interface is suspended on a
torsion beam for which the static angular deflection is proportional to the second moment of the cross-
sectional area of the beam. The vibration is recorded by measuring the deflection of a laser beam using a
segmented photodiode (2). Bottom: Photograph of the complete measurement probe. (Cu: Copper foil 40pm
thick, Pt: Platinum microelectrode 300 nm thick, and GC: Glassy Carbon microelectrode 2 pm thick).

2.4 MR Induced Current and Voltage Measurements
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To further investigate the performance difference between GC and Pt, we microfabricated open-
loop circular dummy microelectrode structures (outer radius = 2.5 cm and inner radius 1.5 cm) out of these
two materials, as shown in Figure 1. The planar geometry for both GC and Pt was the same, with Pt =~ 300
nm thick and GC =2 um thick. For the vibration experiments, we also prepared a highly conductive sample
out of Cu tape as a control experiment. The open loop microstructures enabled direct measurement of the
induced voltages and currents, as shown in Figure 4. First, we measured the resistance R; of the dummy
structure using the four-terminal method (Rhode-Schwarz HM 8112-3). In a next step, we measured the
induced voltage due to gradient switching in the open loop configuration, followed by a current
measurement using a shunt resistor of 1€Q. In these measurements, the surface was placed orthogonal to the

gradient field. Direct voltage measurements helped to avoid acoustic coupling.

Conductive materiala..___h
Substrate—j

Exp. 12> R,
R R;
] o]
- = ' =
> - w il
[ = I
o o

Figure 3.4 Experimental setup to investigate the dependence of microelectrode materials on the induced
eddy currents. Preparation of conductive rings using Cu (thickness t =40 um), Pt (t =300 nm) and GC (t=
2 um). The radii are r; = 2.5 cm and 1> = 1.5 cm. (A) Sample on a silicon wafer (B) Measurement of R; by
means of four-terminal sensing. (C) Measurement of the induced voltage due to gradient switching in open
circuit mode. (D) Measurement of the induced current using a shunt resistor of 1 Q.
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3 Results
3.1 MRI Measurement

The imaging artifacts produced in the 3T scanner by the GC and Pt microelectrodes were compared
in the phantom using clinical MRI sequences. In Figure 5, the first row shows T1-weighted images taken
with the MPRAGE sequence, the second column shows T2-weighted images taken with the turbo spin echo
(TSE) sequence. T1 and T2 weighted images are commonly used in clinical sequences and are represented
in axial, sagittal and coronal views in Figure 5. The darkened rectangular shape on right side of the phantom
artifact shows loss of signal or hyperintense signals (Figure 5) corresponding to an imaging artifact
produced by the Pt microelectrode. High signals or bright spots are observed at the interface of the Pt
microelectrode and the polyimide substrate. Since PBS saline has the same magnetic susceptibility as brain
tissue, it mimics the MR environment of the brain [27]. On the left side of the phantom, an outline of the
GC electrode is barely visible (Figure 5 E-F). The Pt electrode sites were = 300 nm in thickness, but the
distortions in MR images observed near the Pt electrode were more spread throughout the thickness of
agarose phantom (4 mm) in the axial and sagittal views (Figure 5 A-D). The MR imaging in Figure 5 show
that GC microelectrodes (y=-1.2 ppm [22]) have significantly less artifacts than Pt microelectrode (y=279
ppm [27]). Similarly, images captured with EPI sequence showed loss of signal at the location of the Pt
microelectrode, whereas the GC microelectrode position was not differentiable from the phantom
background (Supplementary Figure S.6). There is no visible differentiation between the By field map of the

GC and Pt microelectrodes, as shown in Supplementary Figure S.6b.
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Figure 3.5 Pt electrode placed on right side of the agarose phantom showed darkened rectangular shape
along the width of Pt electrode in the axial view as compared to the GC electrode (a, b) for both T1- and
T2-weighted images. Similarly, imaging artifact is recorded at Pt electrode along the length in sagittal view
of agarose phantom placed on top of MRI phantom (c, d). In the coronal view, bright spots were observed
at Pt and polyimide interface, while no artifacts were observed at GC electrode
3.2 High-Field MRI

The results of the By-field measurements and the image experiments conducted in the high field

(11.7 T) magnet are summarized in Figure 6. The artifacts are mainly due to B;-field distortion based on

induced eddy currents. This conclusion is supported by the fact that there are no severe Bo-field distortions
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in the Bo-field map, but there are large intensity distortions in the MR images. These intensities are a result
of opposing magnetic fields to the Bi-field and induced eddy currents. Compared to the Pt microelectrode,
the GC microelectrode sample does not show any image distortions because the smaller conductivity
inhibits the formation of considerable adverse eddy currents. This is consistent with what was observed

with the 3T scanner.

PMMA__ &=
holder
Sample
Axial ==
Sagittal —
s
ppb
30
o 20
= 0
o B,
B
-
E B
(T 1
(ne [}
c @®

Figure 3.6 For the BO-field map acquisition, the metal samples were oriented such that the B1 vector is
parallel to the electrode surface and orthogonal for the GRE image sequences. For all samples, no significant
field distortion is visible. The color map used for the BO-field maps varies from —30 to 30 p.p.b. (—15 to
15Hz) (blue encoded images). Slight distortions in the range of a few Hz are visible for the Pt
microelectrode. The background field for the GC electrodes shows slight inhomogeneity, but there are no
measurable field distortions. Strong B1-field distortions are observed for the Pt as well as the Cu dummy
samples. This is due to the high conductivity of the materials, which yields considerable eddy currents that
counteract the B1 field

3.3 FEA Simulations

From the results obtained and shown in Figure 7, it can be observed that a reduced susceptibility
mismatch (Ay mo-6c ~= 0.04 A y m20-p) and drastically reduced area conductivity (ogc ~= 0.005 o) lead to
a significant reduction in artifacts arising from B; and By inhomogeneity. The relative contribution of these

will depend on the imaging sequence used. Similarly, the decreased conductivity led to a reduction in the
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mechanical response coming from gradient switching, in the same ratio as that of the resistances of each
microelectrode. Furthermore, due to the reduced conductivity, the microelectrodes have a smaller
interaction with the RF fields, meaning the dielectric heating response will be more accurately described
by standard RF/SAR simulations, as optimized for safety. Similarly, any Joule heating coming from current
dissipation in the microelectrodes will potentially also be reduced by a similarly proportional factor.

When applying a current/force-generating gradient field on the electrodes B; =t (5 K;), the
behavior on a microelectrode can be split into two separate contributions as:

B; = tG. (ZFCE_G + EPE_CE) Equation 4
where Z;G_CE is a function of the distance from the center of the electrode to the center of the

gradient’s origin, and K;P £—ck 18 the distance from a point in the electrode to its center. The first effect was
experimentally measured with the resulting torque; but can be fully removed by placing the center of the
microelectrode in the gradient’s origin, whereas the second effect could not be measured and cannot be
removed. Given that it is impossible to precisely position an implant in a patient relative to the magnet,
introducing a displacement in the cm range, the same order of magnitude of the microelectrode itself, the

two effects mentioned will be comparable in magnitude.

bl |2Bol | pt GC
ppm
Az;=10um | =— B, ppb Az =200um @ B

Figure 3.7 Comparison of the simulated behavior for the 2cm x lcm rectangular GC and Pt ground
microelectrodes. On the left, one can see the By relative-inhomogeneity map, at the center, the normalized
B; inhomogeneity map and, on the right, the induced currents and forces generated by each effect of a
unitary gradient’s slew rate, as described above. Results are for a water phantom in a 1.5T field, shown for
varying distances to the electrode’s surface, Az;, where the effects are at magnitudes relevant to the
experiment: 1ppm for inhomogeneity (left image), hundreds of micrometers for a slice thickness (middle
image), and current dissipation on the surface of the electrode (right image).
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3.4 Artifacts Measurement — Currents

Investigating the induced voltages in the ring structures allowed the examination of the gradient
field interaction without acoustic noise distortions. Similar to the microelectrode design, the GC and the Pt
sample had the same geometry, except that the thickness of the layers were different (Pt = 300 nm and GC
~ 2 um). The resistances of the test structures were Ry = 25 Q for the Pt-based microstructure and Rge =
280 Q for the GC microstructure, and Rcu < 0.006 Q for the Cu tape. As expected, the induced voltage
depended only on the surface through which the magnetic flux changed. The theoretical value presented in

Figure 8 is computed through Equation 5.

UlV] = n(rf —13)G,z Equation 5

The gradient slew rate in this experiment was 2046.6 T/m/s which leads to the theoretical voltage
value displayed in Figure 8 that shows that the measured induced voltage in the rings are in good agreement
with the theoretical value (solid line). The measurements with the short end are also presented in the same
figure to highlight the amplitude of erroneous induced voltage in the measurement lines. The induced
currents measured with a 1 Q resistor are also given in the same figure indicating that the current in GC is
at least a factor of 10 less than that of the Pt sample. It has to be noted that the current induced in the GC

was below the limit of detection when using a resistor of 1 Q.

3.5 Vibration Measurements

In Figure 9, the results of the experimental results are displayed against the theoretical values. The
acoustic coupling was measured using empty PMMA plates which allowed us to determine the limit of
detection. This means that samples with conductive structures are beyond the limit of detection if their
vibration amplitude is not distinguishable from the non-conductive PMMA plates. This is the case for both

the Pt and GC microelectrode samples. The sample with copper foil (Cu), in contrast led to strong
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vibrational amplitudes of more than two orders of magnitudes above the LOD. With this sample, the
common mode vibration is clearly detectable where the vibration approaches zero at the gradient center.
The acoustic vibration on the other hand, is strongest inside the MR scanner (-40 mm) which leads to the
fact that the best LOD is achieved at around 30-40 mm. At this point the gradient slew rate is strongest,
whereas the acoustic coupling is minimal. Using theoretical analysis, we can estimate how much the torque

of the implants is beyond the LOD. The quality of this analysis is benchmarked by comparing the prediction

and experimental value of the Cu sample.

Measurement 1

Measurement 2

Measurement 3
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Figure 3.8 Measurement results from induction experiments. Continuous lines show the interpolated mean
values and the corresponding color encoded areas represent the standard deviation. Actual measurement
points are indicated by one set of data points per sample. The first experiment was conducted to measure
the resistance of the disc. Middle: The second experiment shows the induced voltage in the rings. The
measured values are in good agreement with the theoretical value (solid line). Additionally, short-circuit
measurements are presented to highlight the amplitude of erroneous induced voltage in the measurement
lines. Right: Induced currents measured with a 1 Q resistor. The solid lines are the theoretical values using
the measured resistances from experiment 1. The limit of detection (LOD) is derived from the deviation of
the measurement from the theoretical curve.

Interestingly, the platinum microelectrode appears to be at the limit of the detection, whereas the
GC has an approximately 40-fold weaker response (see Figure 9 B). In contrast, the copper foil results in a
response three orders of magnitude larger than the tested electrodes. We want to emphasize that, due to the

linearity of electromagnetism, the derived value of TPSR may serve as a figure of merit for an implant,
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which allows a simple derivation of the worst case torque at any MR scanner. As an example, we may take

the Cu foil with a TPSR = 4 %’Z Then, in a 3T human MR scanner with slew rate of max. 300 T/m/s and

largest dimension of 0.3 m (e.g. in the z-direction) the maximum expected torque evaluates to:

rmax=TPSR-BO-GZ-z=4%-3T -300 T/m/s - 0.3 m = 1080 yNm.  (6)

S

According to ASTM, critical torque is reached when the MR induced torque is larger than the
gravitational induced torque [28]. Gravitational induced torque can be computed using the weight (m) of
an object multiplied with its longest dimension (1). Hence, for the Cu foil, the gravitational torque 7 is:

g =mgl = 8960%- (0.04-25-11)-1079m?3 - 9.81%- 25-1073m = 24.2 uNm « 1080pNm

(6)
Because Tmax >> T,, the Cu foil is clearly MR incompatible. On the other hand, the upper limit for
MR induced torque of Pt and GC microelectrodes will be in the range of 5x1073 * 3T *300 T/m/s = 4.5uNm,

which is safe.
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Figure 3.9 Measurement results of vibration measurements and their comparison to theoretical values. (A)
Graph of the torque per unit slew rate (TPSR) as a function of conductivity o, metal layer thickness t and
largest dimension size r. The value range of TPSR covers 10 orders of magnitude. (B) A slice of (A) that
corresponds to a radius of 12.5 mm. The theoretical values for the tested sites are highlighted as well as the
limit-of-detection due to superimposed acoustic vibration for implants of this size. The contour lines are
per decimal power. The theoretical TPSR for Pt electrode (blue) and the GC electrode (orange) differ by
one order of magnitude (~40x). (C) Graph of the torque per gradient slew rate and field strength that acts
on the implants is displayed as a function of the position alongside the bore inside the MR scanner. PMMA
samples were used to determine the acoustic dependent deflection. The vibration of Pt and GC samples do
not show significant vibration beyond acoustic coupled amplitudes. The values are within the standard
deviation of the non-conductive samples (error bars for GC and Pt are not plotted here for clarity). The Cu
sample, in contrast, shows clear gradient induced vibration. (D) The torque per slew rate and field strength
which is obtained by normalizing the results from (C) by the position.

4  Discussion/Conclusion

In this work, the MR interactions of GC and Pt based microelectrodes were investigated with
respect to their adverse effects in producing MR artifacts and gradient induced vibrations. The specific aim
of the MR characterization was to test whether GC microelectrodes used for deep brain stimulation (DBS)
or the less-invasive intracortical recording (ECoG) produce any artifacts while mapping functional or
morphological information of the brain with MR. With regard to gradient-induced vibrations, calculations

show that the induced eddy currents are much larger for the Pt microelectrodes as compared to the GC

microelectrodes. However, for both types of microelectrodes, the measurable forces were below the
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detection limit. In our experimental scanner, the gradient field slew-rates are up to a factor of ten larger
than in comparable human MRI machines, hence, the expected forces with the presented microelectrodes
should remain within a non-hazardous range even in human scanners with up to 7 T. We want to emphasize,
however, that the gradient-induced vibration scales to the power of four with the radius of the implants and
thus, for larger electrodes the positive effect of smaller conductance of GC will be advantageous to obtain
electrode designs that are not prone to vibration induction. We also emphasize the introduction of a new
figure of merit which is independent of field strength and gradient slew rate. It provides an important tool
to compare the tendency of different implants to vibrate and enables the straightforward computation for
worst case torque of an implant for any field strength and slew rate.

In contrast to vibrations, MR artifacts depend on the conductivity as well as the magnetic
susceptibility of the applied material. In summary, our findings show that the larger magnetic susceptibility
of platinum does not produce considerable field distortions especially because of the small volume of the
thin-film electrodes. Both GC microelectrodes showed field distortions with less than 30 ppb at even 11.7T,
and from this viewpoint both microelectrode types may even allow for use within field-sensitive
applications such as localized spectroscopy in human MR machines operating with smaller static magnetic
fields (< 3T). On the other hand, the Pt microelectrode shows considerable B1-field distortions due to RF-
induced eddy currents, which lead to large position-dependent obscuration or hyperintensity. The GC
microelectrode is clearly superior with respect to this type of artifact, showing no measurable distortion of
the image. The reason is also the much smaller electrical conductivity of GC. It should be noted here that
the geometries of these microelectrodes affect their resistance (and hence conductivity), as the resistance R
is a function of length L and cross-sectional area A (i.e., R=pL/A or R=L/(cA)), suggesting that the
contribution of geometry alone to the resistance R is ~6.6x for Pt compared to GC (since the thickness of
Pt=300 nm and of GC =2 um). However, the conductivity (o) of Pt is 9.43 x 106 S/m, which is almost
1400x that of GC (6803 S/m), in effect making the resistance R of the Pt microelectrode ~1/200th that of
GC. Therefore, despite the smaller thickness, Pt microelectrodes experienced higher induced currents, as

demonstrated here. For eddy currents, on the other hand, where the RF resistance is more relevant, length
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plays a larger role than does thickness due to skin effects; hence, the resistance of Pt and GC
microelectrodes will be dominated by their inherent conductivities [29].

Therefore, we submit that GC microelectrodes demonstrate superior behavior with respect to MR
safety compared to Pt-based electrodes. There is strong indication that this statement will be further
corroborated by an analysis of RF-induced heating, which was not conduced in this investigation. One large
source of RF-induced heating is RF-induced eddy currents; the same currents lead to large MR image
artifacts only in the Pt microelectrode and not in the GC microelectrode. We anticipate that the introduced
figure of merit will be of great significance as an implant-specific value for labeling torque-related
interactions.

Taken together, this study demonstrated that (i) GC microelectrodes experienced no considerable
vibration deflection amplitudes and minimally induced currents (below the LOD), while Pt microelectrodes
had considerably larger currents, (ii) GC microelectrodes had almost no susceptibility shift artifacts
compared to Pt microelectrodes because GC has 1/20th the magnetic susceptibility of Pt and (iii)) GC
microelectrodes had no eddy-current-induced artifacts, unlike the Pt microelectrodes, mainly because of
the lower conductivity of GC (~1/1000th that of Pt) that inhibits the formation of considerable eddy
currents. Since GC has recently been demonstrated to have a compelling advantage over other materials for
neural stimulation, recordings, and electrochemical sensing of neurotransmitters through voltammetry4,19,
this MRI compatibility validated in this study offers an additional advantage for long-term in vivo use in

clinical settings.
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CHAPTER IV

Novel Graphene-Glassy Carbon (GrGC) MetaMaterial: Synthesis,

Characterization, and Molecular Dynamics Simulation
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Abstract

Using graphene (Gr) and glassy carbon (GC) - two allotropes of the abundantly available material
carbon - as building blocks, we introduce a new metamaterial that possesses superior electrical, and
electrochemical properties. The accompanying scalable and novel fabrication process for this metamaterial
is presented where a substrate with layer of Gr grown on it was used to deposit a layer of negative-tone
polymer precursor that was subsequently patterned and then pyrolyzed in the same chamber to synthesize
a new metamaterial referred to as GrGC. The formation of this novel metamaterial is demonstrated and
validated through (a) synthesis and fabrication process, (b) molecular dynamics modeling of the synthesis
process, and (¢) comprehensive morphological, surface material characterizations. Specifically, the
chemical bond of the metamaterial was characterized through Fourier Transform Infrared Spectroscopy
(FTIR) and Raman Spectroscopy while its surface morphology were characterized through SEM. Further,
the cross section of microstructure of the ensuing GrGC was imaged through scanning transmission electron
microscopy (STEM) and compared with outcomes from molecular dynamics (MD) simulations. In addition,
electron energy loss spectroscopy (EELS) provided useful insights to the chemical composition in the
microstructure of the ensuing metamaterial where a combination of sp2 and sp3 characteristics are observed
to be dominant at the interface of Gr and GC. The MD modeling also showed formation of carbonyl (C=0),
ether (C—O—C), and epoxide (cyclic ether) functional groups in the metamaterial. The characterization and
modeling outcomes confirm that 5- 6-, and 7-membered carbon rings formed a continuous covalent bond
at the Gr and GC interface contributing to the formation of a unique metamaterial that consisted of a flat
Gr component, a transition region, and a 3D-shaped cage-like GC component. Taken together, the
metamaterial’s capability to form 3D and complex components, and functional group presence will offer
new possibilities in advanced semi-conductor devices and ultra-sensitive biochemical sensors that could

substantially extend current detection limits.

1. Introduction
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Carbon, which is one of the most abundant elements on the planet, continues to enjoy increasing
and wider acceptance in a variety of application areas such as sensors, microelectrodes, batteries, fuel-cells,
magnetic thin-films, and neural interfaces [1-6]. Further, carbon’s unique tunable mechanical and electronic
properties help position it as a versatile material of choice for a variety of applications including as
promising material in semi-conductor and energy storage technologies. The relatively recent discovery of
new allotropes of carbon such as graphene (excellent conductivity, large surface area, and high in-plane
stiffness) [7], Q-carbon (excellent hardness [8] and excellent strength) [9]), and glassy carbon (gold-
standard for electrochemistry) [1-2] will further drive far-reaching importance of carbon for an expanding
array of applications. Out of the several allotropes of carbon, graphene (Gr) and glassy carbon (GC) stand
out in their potential in revolutionizing a wide variety of industries. The introduction of Gr, for example,
with its high charge storage capacity and fast charge and discharge (C&D) has already contributed to
increased interest in electrochemical supercapacitors for energy storage where fast C&D cycles are sought
[10-15]. Further, the ability to photolithographically pattern GC and Gr features continues to drive
innovation in wider application of these key allotropes of carbon [1-2, 16-18]. Gr is a 2D monolayer
material and is considered the gold-standard for electrical conductivity (1700 S/m) with high in-plane
mechanical strength, excellent thermal conductivity (4840-5300 W/mK), large surface area (2630 m?/g),
and high double-layer capacitance (21 uF/cm2) [19]. However, its monolayer thickness lacking 3-
dimensionality introduces a severe weakness in overall 3D mechanical strength, particularly in transverse
direction. Further, its imperviousness to molecules leaves much to desire in its charge storage capacity [10].
On the other hand, GC which has a cage-like 3D molecular structure of bands of Gr is the gold-standard
for electrochemistry and has exceptional chemical inertness, high mechanical stiffness (in all planes) [6],
good electrical properties, high electrochemically stability, high charge storage capacity (61.5 mC/cm?),

and fast surface electrokinetics coupled with lithography patternability [20-21].

It is, therefore, clear that by themselves, the two allotropes of carbon, i.e., Gr and GC, possess some

strong unique properties suitable for applications in a wider variety of areas. Then, could the unique
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strengths of these two carbon allotropes be further leveraged for introducing new composite “made of
tailored building blocks, which are composed of one or more constituent bulk materials, leading to effective
medium properties beyond those of their ingredients” — and hence form a metamaterial [22]? This
fundamental question has inspired this work where we hypothesize that combining the strength of these
‘gold-standard’ materials will help introduce a new metamaterial that incorporates their best qualities to a
single material. The combination of high surface area and double-layer capacitance of Gr coupled with high
charge storage capacity of GC could help achieve high energy density, for example [19]. Further, we
hypothesize that the merging of 2D monolayer Gr and 3D cage-like GC molecules introduces a versatile
2.5D’ metamaterial with 2D planar microstructures of 6-ring carbon and 3D cagey microstructure with
mix of 6-ring carbon rings and Gr monolayer (Figure 2). In this study, therefore, the feasibility of this
metamaterial and the validity of the hypothesis presented is investigated and established through (a)

characterization of synthesized GrGC metamaterial and (b) first-principle molecular dynamics simulation.

NanoFAB.SDSU TTIF™ ————— NanoFAB.SDSU

Figure 4.1 (a) microfabricated GC structures (c) TEM image of GC (c) STEM image of GC

As shown in Figure 1b/1c, GC gets its superior capacitive behavior due to each of its 3-dimensional
Gr cage-like structures acting as capacitors separated by a very small distance of ~3A [23]. Further, the
porosity that is associated with even more charge storage capacity can be increased through high flow rates
of forming gases [24-25]. However, recent experimental work has raised some fundamental question

regarding the true 3D molecular structure of GC [26-27]. In addition, how GC will interact with Gr to form
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GrGC metamaterial during pyrolysis is, of course, unknown. Further, what emerges as an intriguing point
is the fact that GC is structurally close to Gr leading to the natural speculation that, perhaps, creating the
necessary chemical and physical environment for GC and Gr precursors may allow the formation of a new
metamaterial that shares the property of these two materials. Therefore, a theoretical framework is needed
to help gain a fundamental understanding of (a) the true 3D molecular structure of the ensuing metamaterial,
(b) the process of evolution of the metamaterial, and (c) the type and distribution of active functional groups.
For that, molecular dynamics (MD) simulation framework that will help shed light on the exact mechanism

of microstructure formation on a molecular level of the metamaterial is presented.

2. Materials and Methods

To investigate the potential chemical bond that could form between GC and Gr layers and to test
the ability of Gr layer to maintain its characteristics as GC layer is formed through pyrolysis of a polymer
pre-cursor, a GrGC test structure in the shape of a serpentine was synthesized (Figure 2). Subsequently,
scanning transmission electron microscopy (STEM) was used to image the cross-sectional microstructure
of the material with cross-sectional thinning of the sample done using focused ion beam (FIB) assisted
sample preparation. STEM was preferred here instead of TEM to avoid milling of the material which could
cause significant stresses and alter the GrGC nanostructure. In addition, electron energy loss spectroscopy
(EELS) was used to obtain elemental information at nanometer scale and analyze the bonds at the Gr and

GC material interface.

2.1 Synthesis of GrGC Microstructure

The microfabrication process adopted here involved first transferring a monolayer of Gr on a silicon
wafer with 0.2 — 0.5 um thick oxide, applying a layer of negative-tone resist polymer precursor, UV
patterning of the negative resist, removal of exposed Gr monolayer by dry oxygen plasma etching, and then
pyrolyzing the precursor polymer and Gr together to form GrGC metamaterial (Figure 2). Silicon wafer

with oxide layer that contained Gr monolayer transferred on it was used in this process (Grolltex Inc, San
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Diego, CA). Negative photoresist SUS-10 (Microchem, MA) was used as precursor for forming GC
microstructure. The photoresist was spun coated at 1200 rpm on the wafer that contained Gr monolayer.
The photoresist was then pre-baked before UV exposure (400 mJ/cm2) in two steps at 65°C for 10 min and
95°C for 20 mins. The post-exposure bake consisted of heating at 65°C for 1 min and 95°C for 10 min. The
patterned SU8 microstructures were then used as hard masks for patterning the underlying Gr layer.
Following the development of microstructures, the SU8 microstructure on Gr monolayer underwent dry
oxygen plasma etch treatment at 90 W, 300 mTorr for 1 min for removal of Gr from uncovered parts of the
wafer. Subsequently, the patterned SU8/Gr microstructure was pyrolyzed in a furnace with nitrogen flow
at 1000°C for 90 mins [1-2, 20-21]. Polyimide (Durimide 115a, Fujifilm, Japan) was then spun-coated on
top of the GrGC layer, and cured at 400°C for 4 hrs in a vacuum furnace. Finally, the microstructure
supported on a polyimide substrate was separated from silicon wafer by etching the oxide layer in buffered

hydrofluoric acid (BHF) bath. Figure 2b shows the GrGC metamaterial microstructure.

2.2 Surface Morphology, Topology, and Microstructure Characterization

The morphologies of the ensuing microstructure were optically characterized via Keyence VHX-
5000 optical microscopy (Keyence, Itasca, IL 60143, USA) and through SEM (FEI Quanta 450 FEG,
Hillsboro, Oregon, USA). The microstructure of the GrGC metamaterial was investigated at the atomic
scale through STEM using a cross-sectional specimen prepared by FIB milling. The cross-sectional sample
was prepared using a FIB apparatus (Helios SUX, Thermofisher Scientific) with a Ga+ ion beam of
accelerating voltage 30 kV, probe current 20 nA. Prior to the FIB treatment, a thin layer of Au (~1 nm in
thickness) was vacuum deposited using an external metal sputter for grounding the GrGC microstructure
on polyimide sample. After the GrGC microstructures were located on the polyimide substrate through
SEM, a layer of tungsten (~1 pm in thickness) was vacuum deposited with probe current of 0.26 nA on 11
pm x 1.5 um area to protect the GrGC surface from bombardment by Ga+ ions during milling. Cross-
section lamella was prepared using a standard lift-out procedure with a 30 kV Ga+ ion beam, then plucked

out using micromanipulator and transferred on TEM grid at 30 kV energy and 90 pA probe current. After
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bonding to the supporter through Pt deposition, the lamella was cut out from the micromanipulator. Once
the sample lamella was transferred on grid, the energy was reduced to 2 kV and probe current to 0.26 nA

during the final milling stage.

The atomic structure of the cross-sectioned samples was observed using STEM (Nion UltraSTEM
100). The bright field (BF) STEM images were obtained near a defocus condition of Af = 193.41 nm and
convergence angle of 33 mrad. EELS measurement of the cross-sectioned GrGC metamaterial was
performed using the Nion UltraSTEM, 60 keV in STEM mode, using GatanGIF Quantum ERS with a
collection angle of 58 mrad and a dispersion of 0.25 eV/ch. The HAADF (half angle annular dark field)

images were obtained at 60 keV energy and collection angle of 80 mrad.

(@) (b)

1. Graphene monolayer on silicon wafer with oxide 5. Pyralysis at 1000° C of SU8 and Graphene Pyrolysis Furnace

layer E

2. Spin coat SU8 on graphene monolayer

6. Spin coat and pattern Polyimide on Gr-GC
microstructure
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3. UV patterning of SU8 photoresist =
‘ 7. Removal of microstructure from SiO, substrate
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Figure 4.2 (a) microfabrication process for GrGC microstructure, (b) tube-furnace for synthesis, (c) ensuing
metamaterial.

2.3 Raman Spectroscopy

Raman spectra were recorded on the GrGC and GC microstructures using Thermo Nicolet DXR

Raman Microscope (ThermoScientific Inc of Waltham, MA, USA). Argon ion laser operated at 532 nm
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with average power of 1.5 mW focused through aperture of 25 pm in diameter with 50x objective was used

for recording the Raman spectra.

2.4 FTIR Spectroscopy

FTIR-ATR spectroscopy was done using a Nicolet iS50 FT-IR Spectrometer equipped with a Smart iTR
diamond ATR cell (Thermo Scientific, Court Vernon Hills, IL, USA). The microstructure was washed with
methanol, dried, and placed on the diamond cell. 128 spectral scans were recorded. The scans were
compiled from 4 diagonal areas of microstructure and all discrete Gr on GC spectra were averaged, resulting

in a single spectrum.

2.5 Molecular Dynamics Model

To get insight to the synthesis of the metamaterial’s molecular-level microstructure, the potential
bonds between Gr and GC, and the type and distribution of functional groups formed in this metamaterial,
atomistic-scale computational model using molecular dynamics (MD) was used. MD simulation techniques
are powerful for “exploring, developing, and optimizing promising properties of novel materials” [28-30].
In this work, MD simulations will be performed using the ReaxFF software within SCM’s Amsterdam
Modeling Suite [29-31]. In the MD modeling with force field formulation, the potential energy function
that allows for the calculation of the force experienced by any atom is used, given the positions of the other
atoms. The motions of forced atoms affecting other atoms is determined by Newton’s law. Within the
simulation, time is divided into time steps (on a femtosecond scale). At each time step, the forces acting on
each atom are computed, using molecular mechanics force field. The position and velocity of each atom

and energy contributions to the potential are then updated using Newton’s Equations of Motion.

The force field on each atom are derived from energy expression made of Ebond (energy associated
with forming bonds between atoms), Eangle and Etors (energies associated with three-body valence angle
strain and four-body torsional angle strain), Eover (energy penalty preventing the over coordination of

atoms, ECoulomb (electrostatic) and EvdWaals (energy due to Van der Waals forces) [28-30].
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However, while MD simulations allow for detailed observation of molecular structure and
evolution, the time scale for simulations is extremely limited. One way to overcome this limitation is to use
higher temperature for MD simulations than temperatures used in experimental conditions, thus
accelerating the process and allowing reaction barriers to be overcome more easily. This method is widely
used in reactive MD simulations, and results obtained by this method are typically consistent with
experimental observations [32-37]. Here, we used simulation temperature of 3100K to speed up the

computation.

Iy A LT
pdtn e e es
Ay T:""‘V‘ w e
I._.'C.’I'A X%“ 4y
S0 geaitsosy
W I T oy
- ot bd gt
v v‘»*.-x:fl,. X
Lo P :’:‘.v ".Cx.‘_ .
8 48 4 x‘v‘rl ehyd L, el .
o Monola SU8 M
Graphene Monolayer onomer
Carbon ®
Oxygen @
Hydrogen
3000 - [—Simulation Model 1]
|—Simulation Model 2
¥ 2500}
g
52000+
©
8 1500
3
= 1000
500 . .
0 500 1000 1500 2000 2500
Time (ps)

Figure 4.3 (a) Simulation box for molecular dynamics model containing Gr monolayer and 20 SU-8

monomers, (b) Gr monolayer and SU-8 , precursor to GC, (c¢) temperature profile in simulation parameter
Vs experimental parameters.

As shown in Figure 3, the simulation focuses on modeling the interaction of the monolayer Gr with
SUS negative tone resist, as it undergoes a complete pyrolysis process. A volume of 50A x 50A x 50A
forms the simulation box where 20 units of SU8 monomers and a monolayer Gr sheet were placed in it.
Packmol was used to model the atomic structure of SU-8 [38]. The density of the box was 0.3546 g/mL.

The simulations were performed using CHON reactive force fields module at constant temperature and
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volume (NVT) i.e., canonical ensemble with Berendsen thermostat (damping constant of 100 fs). The
equations were integrated with 0.25 fs time step. Experimental pyrolysis process involves the ramping up
of temperature of a furnace to 1000°C (1273 K) in 6 hrs, holding it at final pyrolysis temperature for 90

mins, and ramping down to room temperature in 4 hrs.

To accelerate the reactions to a nanosecond time scale available to MD simulations and to allow
the reaction energy barriers to be overcome more easily in nanoseconds as compared to experimental hour
time scale, we employed pyrolysis temperature of 3173 K for simulations compared to 1273 K for
experimental process. To determine the effect of holding time during the pyrolysis process at the maximum
temperature, two sets of simulations were carried out, i.e., with Model I (annealing time = 400 ps) and
Model II (annealing time = 1100 ps) with similar ramping up and down profiles. The total time for

simulation was 1200 ps for Model I while it was 2350 ps for Model II.

3 Results

3.1 Surface Morphology, Topology, and Microstructure of GrGC MetaMaterial

Figure 4a shows SEM image of the GrGC metamaterial that suggests homogenous surface. As
shown in Figure 4b, FIB was used to prepare a cross sectional sample of GrGC microstructure. Here, FIB
assisted sample preparation was preferred to avoid stresses caused by milling that could potentially alter
the microstructure of the material. Tungsten coating (~1 um) preserved the underlying GrGC microstructure
during FIB thinning process. Black lines in these images represent parts of the carbon sheets that are parallel
to the incident electron beam. Figure 4b shows multiple Gr layers at the surface of GrGC metamaterial,
underneath the thin Au layer. The interlayer distance between these Gr layer stacks was calculated through
Fast Fourier Transform (FFT) of region of interest (ROI). Figure 4b I, II, II provides details of ordered
(ROIs I and II) and disordered (ROI III) carbon sheets at various locations on the GrGC microstructure
cross-sectional surface. At the surface of the microstructure (at ROIs I and II), ordered Gr layers were seen

organized whereas on the inner side of the GrGC microstructure (~10 nm from surface at ROI III) more
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disordered, randomly oriented carbon layers were observed. As shown in Figure 4c, the multilayer Gr
stacking was observed at ~2 nm away from GrGC surface with thickness of few Gr layers ~2.5 nm and
mean interlayer distance of 0.38+0.014 nm at locations marked ‘I’ and ‘II’. The Gr stacks at ROI I are
closer to the surface of the metamaterial. These Gr stacks might have originated from the original Gr
monolayer In Figure 4c¢, at ROI 111, multiple disordered Gr layer stacks were observed. The mean interlayer

distance at stacks of Gr at 1 and 2 locations is observed to be 0.41 £+ 0.023 nm.

3.2 Electron Energy Loss Spectroscopy (EELS)

EELS combined with STEM is a powerful technique to analyze the chemical composition of carbon
materials. Figure 5 shows EELS data of the carbon core-loss edge at different regions of interest marked as
A, B and C where ‘A’ represents Gr region, ‘B’ a transitional interface region, and ‘C’, a predominantly
shows GC zone. The Carbon K-edge region shows two main peaks: the first one between 286 eV and 288
eV due to the 1s to n* orbital transition (characteristic feature of sp2 bonding) and the second one at 292
eV .The main maximum (c* peak) of the Carbon-K edge located at ~ 292 eV is associated with 1s to ¢*

transitions for both sp2 — and sp3 -hybridized carbon atoms.

The ‘A’ or Gr stack region or has peaks that indicate significant sp2 character. As seen in Figure
5B and C, the intensity of the n* transition increases for B or interface region as compared to C or GC
region indicating an increase in sp2 character identical to A or Gr region. The intensity of the ¢* transition
showed higher values for B or interface region as compared to only A or Gr region indicating higher sp3
character in B region indicating an increased graphitic order interface region. For C or GC region, 6* peak
is even smeared out or appears featureless with an increase in the intensity as compared to A region and
shows even more featureless broad hump starting above 292 eV and extending up to 305 eV due to the C
Is — o* transition. This is typically seen for extremely disordered C-C bonds and the smearing of the edge
is characteristic of amorphous carbon [41]. Below the n* excitations (<285 eV), the resonances of surface

dangling bonds are observed [42,43]
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Here, the n* peak can be used to identify sp2 bonded carbon atoms in C-materials, and to provide
quantitative information about the sp2 to sp3 carbon — ratio by its relative intensity compared to ¢* states.
A procedure developed by Berger et al. [44] is used for determining the fraction of sp2-bonded carbon
atoms in the material at the regions A, B and C shown in Figure 5. This method provides the ratio of
integrated window centered on the ©* peak (Ir*) to the integrated area containing both 7* and 6* peaks (I
mx+ox*), according to the equation (sp2/(sp2 + sp3) = In*/(I mx+o%). Here, 6 eV window centered at 292
eV over both n* and 6* peaks was used. The ratio obtained is normalized to the factor determined from
spectra of a 100% sp2- hybridized material and region. As the Gr region shows highest n* intensity, Gr
region intensity was used as reference for normalization [45]. As shown in Table S1, if region A or Gr has
100% sp2 fraction, regions B or interface and C or GC have 91.5% and 86.7% of sp2 fraction respectively,

demonstrating a clear transition from Gr area to an interface and GC zone.

Multi-acquire summed Low and core loss spectra were also studied along the regions marked as
Gr and GC. The low-loss EELS chart shows two distinct peaks around 6.5 eV and 25 eV (Figure 5C). The
first peak corresponds to the m—n* inter-band transition and the second one is due to the collective oscillation
of the m + ¢ plasmon. The n—n* transition is mainly due to the in-plane mode, which appears at 7 eV for
graphite and shifts to 4.8 eV for single layer Gr can be attributed to a n-valence band plasmon. For both
regions Gr and GC, n—n* inter-band transition was observed at 6.5 eV. The n + ¢ plasmon peak was
observed at 25.2 eV for region Gr, close to the value seen for graphite (27 eV). The plasmon losses could
be seen in this region due to multiple Gr layers stacking [44]. At region GC, © + ¢ peak is observed close
to 23 eV (Gr monolayer peak). Multi-acquire core loss spectra showed similar peaks as that of single
acquire EELS (Figure 5a-c). From the core loss and low-loss spectra data, it is clear that the microstructure

of the GrGC metamaterial consists of a few layers of highly graphitic material [45].
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Figure 4.4 (a) SEM image of GrGC microstructure on polyimide substrate (b) GrGC sample prepared by
FIB for STEM imaging. STEM Image of GrGC FIB and interlayer distance of stacked graphene layers was
studies at locations I, II and III.
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Figure 4.5 (a) Bright field STEM image of stacked Gr layers and EEL spectra recorded at locations A, B
and C. (b) Summed low-loss EEL spectra and multi-acquire high-loss EELS acquired at Gr and GC regions.

3.3 HAADF STEM:

Similarly, a DF STEM image can be generated by Nion UltraSTEM resulting in a high-angle
annular dark-field (HAADF) image. HAADF image is formed by Rutherford scattered electrons, the
intensity of which depends on the mean atomic number of the transmitted volume. HAADF images show
distinct material (Z-) contrast, where the intensity of each image pixel is roughly proportional to the second
power of atomic number, Z (Lebeau & Stemmer, 2008). In STEM HAADF image, the layer with bright
contrast on the top is the Au protective layer (Figure 6). The metamaterial appears darker in contrast due to

its low atomic number. A line-profile series is shown at Gr GC interface, for low loss spectrum, the layers
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visible in Gr region with brighter contrast indicate increased thickness of the material. Transition in
intensities of low and high loss spectra of HAADF is observed from Gr to Interface and from interface to
GC region. Here, Gr region is indicated by highest intensity counts, whereas GC is indicated by lowest

intensity.

i Low Loss
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Figure 4.6 (a) HAADF image of the GrGC material (b) Low loss HAADF spectrum (c) Core loss HAADF
spectrum

3.4 Structural Disorder:

The graphitic and disorder peaks for both GrGC and GC were observed at 1340 cm-1 and 1583
cm-1. For the pristine glassy carbon, the 2D band merges with the surrounding bands to form a small,
modulated bump. The intensity of the 2D peak increases for GrGC as compared to GC. The formation of
greater and more uniform carbon hexagonal rings in GrGC causes significant rise in the 2D intensity. Small

lateral size or smaller graphene layers may be the cause for not visible 2D peak for pristine GC.
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Figure 4.7 Structural defects in GrGC Vs GC. GrGC material has shown similar D and G peaks as that of
GC. 2D peak was observed for GrGC.

3.4 FTIR Spectroscopy

To understand surface bonds and functional groups on GrGC experimentally, we compared GC
and GrGC FTIR spectrums. In the FTIR spectra (Figure 8), the boxed areas indicate the areas of interest,
i.e., carbonyl and hydroxyl peaks. The potential presence of carbonyls, carboxylic acids, and hydroxyls was
tested by analyzing their known corresponding peaks. The presence of carboxyl groups onto the surface of
Gr-GC is indicated by peak in 1740-1720 cm-1. Carbonyl and carboxyl functional groups are observed in
sp? hybrized carbon atoms in graphene sheet or on the edges. Peaks between wavenumber 3100-3000 cm

! (=C-H) corresponding to sp2 from aromatic ring are observed for GrGC (Figure 8)
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Figure 4.8 FTIR spectrum of GrGC microstructure and corresponding hydroxyl, carboxyl, and carbonyl
peaks

3.3 Molecular Dynamics Simulation of Evolution of GrGC

The MD simulation focused on modeling the interaction of the monolayer Gr with SU8 negative
tone resist during a pyrolysis process to generate a GrGC metamaterial. The modeling showed that the
evolution of the metamaterial in this process had several key stages, i.e., (i) binding of carbon molecule
from the edge of Gr monolayer with oxygen molecules of epoxy group from SU8 monomer (ii) breakdown
of hydrocarbons in SU8 monomers and (iii) formation of carbon rings that originate from SU8 monomers
at Gr edges (aromatic groups), and (iv) formation of graphitic structure at the edges of Gr monolayer. Due
to sp2 configuration, the surface carbon atoms of Gr are relatively inactive. However, dangling bonds
located on the edges of Gr monolayer can form bonds with the SU8 polymer matrix. This provides catalytic
seeds for the formation of larger graphitic structure in the pyrolysis process. During the early stage of
temperature ramp-up at T = 600K, carbon atoms at the graphene monolayer edges were observed to bind
with epoxy group of SUS. Towards the end of the ramping (T = 2300K), with further degradation of the
polymer, formation of CO, CO,, H,O, H», and CHs were observed along. At T = 2700K, Gr nanosheets
exhibited favorable edge chemistry with the formation of 5-, 6-, and 7-membered carbon rings. These

carbon rings were formed from polymer as shown in Figure 10c. At the final pyrolysis temperature of
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3100K, graphitic structure was observed along with stacked domains of graphitic plane. These graphitic

planes are connected to each other by linear and branched C-C chains.

To determine the effect of holding time during the pyrolysis process at the maximum temperature,
two sets of simulations were carried out, i.e., with Model I (400 ps) and Model II (1200 ps). Figure 10
shows evolution of GrGC structure for model I at 1000 K, 2000K, 3000K, 3100K showing binding of SU8
and 5-, 6-, and 7-membered carbon ring structures to the monolayer Gr. At 1000 K and 2000 K, favorable
edge chemistry of graphene monolayer supports attachment of SU8 monomers at the edge of Gr (Figure 10
a and b). At T =2300 K or at higher temperature, SU8 monomers degraded with significant formation of
5-, 6-, and 7-membered carbon rings. These carbon rings are bonded at the Gr edge as shown in Figure 10c
at T=3000 K. At the maximum pyrolysis temperature of 3100K, graphitic 3D cagey structures were formed
around Gr. The chart shown in Figure S2 (a) indicated the C, H and O contents in the graphitic structure
starting from Gr at 400 K. The carbon contents of the GrGC structure increase significantly till the pyrolysis
temperature is reached. The CHO contents in the structure remain almost constant during ramping down
phase. Similar trend is observed for simulation model 2 with longer pyrolysis temperature hold time
representing the carbon content of the GrGC microstructure for both models remained similar. Figure 11
shows the GrGC microstructure at the room temperature, after the pyrolysis is completed. Carbon atoms
from Gr monolayer are highlighted in blue for model 1 whereas, Gr carbon atoms from model II are
represented in grey shade. Top view and side view along X axis of the both models I and II did not show
significant difference in geometry (Figure 11a-b, d-¢), however view along the Y axis for model II showed
higher amount of curved structures as (Figure 11F) compared to Model I (Figure 11C). This indicated that
with longer pyrolysis temperature hold in MD simulation resulted in curved structures in the graphitic
structures originated from SU8 carbon radicals. 5- or 7- membered carbon rings contributed to higher

curvature for model II.
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3.4 Functional Groups Analysis

The atomic structure of the resulting material is mainly composed of both sp3 and sp2 hybridized
carbons, with significant amount of C, H, O atoms originally present in SU8 polymer and Gr monolayer.
Here, the sp3-hybridized carbons are associated with the carbon atoms connected with hydroxyl group,
which are responsible for change of configuration from planar to stereo. After 3100K pyrolysis, the residual

oxygen mainly exists in the form of hydroxyls, epoxy, carbonyl groups, and dangling bonds while residual

2300 K
3100 K

hydrogen mainly exists in the form of hydroxyls (Figure 12).
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Figure 4.9 Overview of Evolution of GrGC nanostructure in simulation box for model I
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edge of Gr as shown in red dotted box (d) At 3100 K, multiple carbon rings formation at Gr edge are
observed.
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Figure 4.11 (I) GrGC microstructure Model I (a: view along Z axis, b: view along X axis, (c) view along
Y axis) and Model II (d, e, f).
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Figure 4.12 Functional Groups developed on GrGC structure during pyrolysis of Gr monolayer and SU8
microstructure.

4 Discussions and Conclusions

The synthesis and fabrication process, the molecular dynamics modeling of the synthesis process,
and the comprehensive morphological, and surface material characterizations presented here offer a
validation of the introduction of a versatile ‘2.5D’ metamaterial. High spatial (I nm and less) and high
energy resolution (<1 eV) imaging techniques such as STEM and EELS were instrumental in establishing

the nanostructure and bonds in the metamaterial.

In STEM images of Figure 4, disordered graphene layers in region III extended up to 2-3 nm in
length, whereas ordered graphene planes were observed throughout the surface of the GrGC microstructure.
This indicated that by addition of Gr monolayer at the surface of the SU8 microstructure at the beginning
of pyrolysis, longer ordered stacks of graphene were evolved. As discussed in Jurkieciz et al (2018), the
longer and more ordered graphene nanostructures are observed in glassy carbon as the annealing
temperature is increased from 980° C to 2500° C. Based on results suggested by BF STEM images of

stacked Gr layers at the surface of GrGC, it can be inferred that adding Gr at surface of precursor polymer
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provides similar ordered Gr stacking as observed by increasing the annealing temperature. However, as the
graphene stacks are arranged parallel for GrGC, growth of pores observed with increasing annealing
temperature from 980° to 2500°C (Jurkiewicz et al) is not visualized in this study. In this study, graphene
monolayer edge carbons to SU8 monolayer interaction were limited due to planar placement of the Gr
monolayer at the beginning of the pyrolysis process. To understand the favorable edge chemistry between
graphene and precursor polymer, in this case SUS8, addition of graphene flakes to SUS8 prior to pyrolysis
process should be studied. The proposed study will also give insights on evolution of ordered graphene

layers and porosity throughout the cross section of the microstructure.

4.1 Microstructure of GrGC from STEM Vs Simulation

Stacks of graphene multilayers close to surface of the material from STEM imaging:

Gr layer stacks were also observed in microstructure developed by simulation. The stacks of
graphene are crosslinked by the presence of defects in the form of non-hexagonal rings, vacancies, isolated
sp3 bonds or chains which introduce curvature in the interlayer connections. The interlayer distance from
imaging is calculated to be ~0.38 nm whereas based on the model it is observed to be 0.35 nm. GC part of
the microstructure mostly showed curved graphitic surfaces, similarly in simulation, GC curved surfaces
indicated sp3 characteristic originated from carbon radicals separated from epoxy monomer precursor
(SU8). With regard to sp3 and sp2 fractions, stacks of graphene close to surface show higher sp2 fractions
and sp3 characters improves as the GC microstructures are observed predominantly at distance >4 nm from

the surface.

Overall, the simulation results show that GrGC form covalent bonds along with functional groups
on the edge plane. Hence, the 3D graphitic structure evolved from the process, could be capable of high
charge storage, better electrochemical performance for neurotransmitter detection due to presence of

functional groups and better conductivity contributed by Gr.

4.2 Metamaterial Rich with Functional Groups
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The MD simulation demonstrated the unique graphene-induced edge chemistry, which favored the

formation of 5/6/7-membered carbon rings along the graphene edges.

I. Longer pyrolysis duration in molecular dynamics simulation of model II did not affect the carbon,
oxygen, and hydrogen contents significantly, however, it resulted in more curved structures in GrGC as

compared to model I

2. Function groups such as epoxides or cyclic ether (C-O-C) and carbonyl (C=0) are predominantly

observed at the GrGC microstructure from simulation whereas few traces of hydroxyl groups are also found

3. GrGC has shown comparable mechanical strength to GC as found in literature based on Young’s
Modulus. Addition of Gr monolayer to GC microstructure may increase mechanical strength of the material.

It can be further investigated through future deformation studies.
4, The cross-links between neighboring graphene layers may have nature of nonplanar sp2-type bonds
4.3 Metamaterial Applications

The metamaterial’s excellent conductivity and zero band-gap (derived from Gr) along with its
capability to form 3D and complex conducting components (3D electrodes, antennas, resonators, etc.,)
derived from GC will offer a compelling platform that could enable new possibilities in TTF (thin-film
transistors), FET (field effect transistors), OFET, etc. The exceptional electrochemical sensing capability
of GC together with the exceptional electrical conductivity of Gr could also offer pathway to ultra-sensitive

biochemical sensors that could substantially extend current detection limits.
5. Discussion on background work of evolution of GC
5.1 MD Simulation Model:

The simulation box had a volume of 50A x 50A x 50A. Random arrangements of the SU8 monomers (20
units) were arranged randomly in it. The density of the box was 0.375 mL/g. This was optimal possible

density with the simulation software. Packmol was used to employ the atomic structure of SUS.
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Figure 4.13 Evolution of GC nanostructure represented in simulation boxes starting from i) T= 300 K and
at t= 0 ps ii) T=3100K and t= 500 ps, iii) T = 3100 K and t =900 ps, iv) T =298 K and t= 1250

Similar to GrGC model, simulations were performed using CHON reactive force fields module at
constant temperature and volume (NVT) with Berendsen thermostat. The equations were integrated with
0.25 fs time step and damping constant used was 100 fs. Here, we employed pyrolysis temperature of 3100

K for simulations. The total length of simulation was 1200 ps.

5.2 Results:

Similar to earlier model, we observed CH4 formation at ~2300K. After exposing the polymer to
high temperatures in an inert atmosphere, it resulted in the degradation of the SU8 monomers. This releases
atoms in the form of gases such as CO, CO,, H,O, H,, CHa4. Also, it creates carbon radicals containing
aromatic rings originated from the SU8 polymer. At 3100K, at the beginning of holding phase of pyrolysis
curve (t= 500 ps), the 5, 6, 7 membered carbon rings start to rearrange. At the end of holding phase (at 3100
K, t= 900 ps), the carbon radicals bonded together resulting in curved graphene multilayer structure. The
curvature is added to structure due to 5, 7, 8 membered carbon rings. During the ramp down phase, the

nanostructure further showed more curvature, and 2 layers of graphene stacks were observed in it (figure
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GC Nano structure

Figure 4.14 (a) GC nano structure at room temperature (b) Curved region of the nanostructure containing
5 or 7 membered carbon rings (c) bilayer stacking of graphene with 5 or 7 membered carbon rings

As compared to GrGC model, GC synthesis model showed the nanostructure with higher degree of
curvature. Due to the presence of planar graphene monolayer in GrGC model at the beginning of simulation,
the carbon radicals originated from degradation of SU8 monomers bonded with Gr edge due to favorable
edge chemistry. The O2 released around the 2300K attacks on the graphene monolayer, resulting into single
or double vacancies, due to the vacancies slight curvature is added to Graphene monolayer. However, in
case of GC nanostructure evolution, many dislocations represented by 5/7 carbon ring pairs. These 5/7 pairs
are most energetically favorable edge dislocations and generate long range stress field with high strain
energy resulting out of plane buckling achieved by releasing partial energy by graphene layer [48,49].
Dislocations can cause out-of-plane enfolding of monolayers, here in case of GC molecules graphene

monolayers get enfolded due to 5/7 pairs dislocation [50-53]
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Graphene on Glassy Carbon Microelectrodes Demonstrate Long-
Term Structural and Functional Stability in Neurophysiological

Recording and Stimulation
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Abstract

There is a growing interest in the use of carbon and its allotropes for microelectrodes in neural
probes because of their inertness, long-term electrical and electrochemical stability, and versatility.
Building on that interest, we introduce a new electrode material system consisting of an ultra-thin
monoatomic layer of graphene (Gr) mechanically supported by a relatively thicker layer of glassy carbon
(GC). Due to its high electrical conductivity and high double-layer capacitance, Gr has impressive electrical
and electrochemical properties, two key properties that are useful for neural recording and stimulation
applications. However, because of its 2D nature, Gr exhibits a lack of stiffness in the transverse direction
and hence almost non-existent flexural and out-of-plane rigidity that will severely limits its wider use. On
the other hand, GC is one of carbon’s important allotropes and consists of 3D microstructures of graphene
fragments with a natural molecular similarity to Gr. Further, GC has exceptional chemical inertness, good
electrical properties, high electrochemical stability, purely capacitive charge injection, and fast surface
electrokinetics coupled with lithography patternability. This makes GC an ideal candidate for addressing
Gr’s lack of out-of-plane rigidity through providing a matching sturdier and robust mechanical backing.
Combining the strengths of these two allotropes of carbon, we introduce a new neural probe that consists
of ~1 nm thick layer of patterned Gr microelectrodes supported by another layer of 3-5 um thick patterned
GC. We present the fabrication technology for the new Gr on GC (graphene on glassy carbon)
microelectrodes and the accompanying pattern transfer technology on flexible substrate and report on the
bond between these two allotropes of carbon through FTIR, surface morphology through SEM, topography
through AFM, and microstructure imaging through STEM. A long-term (18-weeks) in vivo study of the use
of these Gr on GC microelectrodes assessed the quality of the ECoG-based neural signal recording and
stimulation through electrophysiological measurements. The probes were demonstrated to be functionally
and structurally stable over the 18-week period with minimal glial response — the longest reported so far

for graphene-based microelectrodes.

1. Introduction
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Carbon, due to its chemical inertness, biocompatibility, good electrical conductivity, high charge
injection capacity, and excellent long-term electrochemical stability [1-5], is proving to be a compelling
material for applications that require microelectrodes to interface with tissue for long periods. Subsequently,
carbon-based neural probes have been reported for neural recording [1-5], stimulation [6-8], magnetic
resonance compatibility [9], and neurotransmitter detection [10-16]. Carbon’s multimodal capabilities
permit not only electrical sensing and stimulation but also electrochemical recording due to its unique and
yet paradoxical properties of chemical inertness and selective chemical activity. This is enabled by carbon’s
chemically active functional groups at edge planes and dangling bonds [10-13]. These capabilities have in
turn raised significant interest in the wider use of carbon, predominantly for long-term applications.
However, further advances in neural engineering applications require a new generation of multimodal
neural probes with notable mechanical and electrochemical stability and durability, excellent conductivity,
high charge storage and injection capacity, and exceptional electrochemistry — rare combination of
properties difficult to find in a single material.

The two prominent allotropes of carbon, glassy carbon (GC) and graphene (Gr), may be ideal for
chronically implanted multimodal neural probes. GC continues to demonstrate substantial success in neural
probes due to its exceptional chemical inertness, good electrical properties, high electrochemical stability,
purely capacitive charge injection, and fast surface electrokinetics coupled with lithography patternability
[2-4, 9-11]. Although Gr has excellent electrical conductivity (1700 S/m) [17,18] and high double-layer
capacitance (21 pF/cm?) [19], its major weakness is a lack of rigidity in the transverse direction due to its
2-dimensional monolayer nature with its thickness averaging only < 1 nm [20]. Therefore, Gr’s inability to
maintain versatility and mechanical robustness during extended periods of implantation may impede further
advances in the use of Gr for microelectrodes.

Motivated by this need for a multi-material system with both in-plane and out-of-plane stiffnesses,
we present a new approach where monolayer Gr microelectrodes are solidly supported on thicker
lithographically patterned GC which has a natural molecular similarity with Gr and consists of 3D

microstructures of graphene fragments and closed graphene-like cages [21-22]. The microfabrication of
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these multi-material microelectrodes and their pattern transfer to a flexible substrate are presented. We also
report on the investigation of the bonding between the two allotropes of carbon through Fourier Transform
Infrared Spectroscopy (FTIR), their molecular structure through Raman Spectroscopy, their surface
morphology and microstructure through Scanning Electron Microscopy (SEM) and Scanning Transmission
Electron Microscopy (STEM) imaging, and their topography through Atomic Force Microscopy (AFM). A
long-term (18 weeks) in vivo study involving an animal model is conducted to explore functional and
structural stability of the multi-material microelectrodes.
2. Material and Methods
2.1 Microfabrication of Microelectrode Array of Graphene Supported on Glassy Carbon

We microfabricated a 12-channel neural probe specifically designed for electrocorticography
(ECoG) applications. The geometry of the ECoG probe consisted of 300 um diameter surface electrodes
with 70 um wide interconnects and a total width of 3 mm [2-3]. A silicon wafer with 0.5 um thick oxide
layer with a CVD grown graphene monolayer transferred on it was purchased from Grolltex (CA, USA).
On top of this layer of Gr, 6 um thick SU8-10 negative photoresist (Microchem, MA) was spin-coated at
1000 rpm. The SU8-10 layer was then patterned following conventional negative lithography process of
microelectrodes described elsewhere [2-3]. Subsequently, the Gr underneath the patterned SUS layer was
itself patterned using the SUS layer as a hard mask for oxygen plasma etching at 50 W and 300 mTorr
oxygen pressure for 30 s. The wafer that contained patterned SU8 on Gr microelectrodes was then heated
in a quartz furnace (MTI Corp., CA) under an inert atmosphere of nitrogen gas with flow rate of 50 ml/min.
For pyrolysis of the patterned SU-8 polymer, the temperature was ramped to 1000 °C over a period of
6 hours and then held at this temperature for 90 minutes, similar to conventional carbon-MEMS processes
widely reported in the literature [2-3,23-24]. Following this, the furnace was allowed to cool down to room
temperature over a period of several hours. Subsequently, a layer of photosensitive polyimide (HD
Microsystem) was spun and patterned onto the microelectrodes, as a substrate for the subsequent layers.
Thin-film layers of Ti and Pt were then deposited on the substrate through lift-off process creating

conductive traces, and finally a second layer of polyimide was spun on the metal traces for electrical
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insulation [2]. Buffered hydrofluoric acid (BHF) etching was then carried out to release the final probe. As
shown in Figure 1, in the final released probe, the Gr layer will be on top of GC layer which in turn will
be supported by a polyimide substrate layer. The microelectrodes obtained will be referred to as “Gr on
GC” to emphasize the specific mechanical backing that GC provides to Gr layer in the combined material

system.

1. Graphene on silion wafer 6. HD4100 Polyimide- flexible substrate

with oxide layer

7. Pattern HD4100 for metal traces

3. UV Pattern SU8 into pelectrode 8. Metal lift offFTi/Pt

shape : : :

9. HD4100 - Insulation patterning

10. MEA release fromwafer in BHF

W

2. SU8 spin coat at 1000 rpm

1

4. O, plasma etch Graphene

5. Pyrolyze 1000°C Gron SU8

™ Si0, M Graphene SUs-10 M GC PI-HD4100 Ti/Pt g

Figure 5.1 Flexible “Graphene on Glassy Carbon” (Gr on GC) microelectrode array. (a) microfabrication
steps using UV photolithography, (b) schematic of cross section of the microelectrode, (c) flexibility of
probe with Gr on GC microelectrodes (represented by dotted circles), and (d) SEM image of probe.

2.2 Surface and Material Characterizations
2.2.1 SEM, AFM, and STEM Imaging

The morphologies of the ensuing microelectrodes were optically characterized via optical
microscopy using Keyence VHX-5000 microscope (Itasca, IL, USA) and through SEM (Quanta 450,
Hillsboro, OR, USA), using secondary electron detector and AFM (Signal Hill, CA, USA). Peel tests also
were carried out to investigate the mechanical strength of the attachment between the Gr and GC

microstructures of the ensuing probe. This involved attaching a clear tape to the Gr on GC thin-film and
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applying a pulling force to separate it from the substrate. STEM characterization was also carried out to
clearly identify how the Gr layer interfaces with GC. The sample for STEM was prepared by focused ion
beam of gallium ions for milling of thickness ~40 nm (FEI Nova 200 Dual-Beam FIB). The sample was
coated with 5 nm of gold (Au) initially to avoid electron charging of Gr on GC. In order to protect Gr on
GC during current ion milling, the sample was further coated with 50 nm of Tungsten. The thinning of
sample was done by ion current milling (at 30 kV and 5 nA). Nion UltraSTEM 100 (Kirkland, WA, USA)
was used for recording high resolution scanning transmission electron microscope images of the cross-
sectional sample prepared by FIB of Gr on GC microelectrode.
2.2.2 FTIR Spectroscopy

FTIR-ATR spectroscopy was done using a Nicolet iS50 FT-IR Spectrometer equipped with a Smart
iTR diamond ATR cell (Thermo Scientific, Court Vernon Hills, IL., USA). The microstructure was washed
with methanol, dried, and placed on the diamond cell. 128 spectral scans were recorded. The scans were
compiled from 4 diagonal areas of microstructure (Supplementary Figure S1), and all discrete Gr on GC
spectra were averaged, resulting in a single spectrum [25].
2.2.3 Raman Spectroscopy

Raman spectroscopy was carried out on the microelectrodes using Thermo Nicolet DXR Raman
Microscope (ThermoScientific Inc of Waltham, MA, USA). Argon ion laser operated at 532 nm with
average power of 1.5 mW focused through aperture of 25 um in diameter with 50x objective was used for
recording the Raman spectra.
2.3 Electrochemical Characterization

The electrochemical behavior of the microelectrodes was studied in Phosphate-Buffered Saline
solution (PBS; 0.01 M, pH 7.4; Sigma Aldrich, USA). Cyclic voltammetry (CV) was used to quantify
capacitive charging, while electrochemical impedance spectroscopy (EIS) was used to determine the
electrical properties of the microelectrodes over a range of frequencies. For both CV and EIS tests,
Potentiostat (Reference 600+, Gamry Instruments, USA) connected to a three-electrode electrochemical

cell with a Pt wire as a counter electrode and a saturated Ag/AgCl reference electrode was used. During
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CV tests, the working electrode potential was swept between 1.3 V and —0.9 V (water window of Gr and
GC), maintaining a scan rate of 100 mV/s. During EIS measurements, 10 mV RMS amplitude sine wave
was superimposed on 0 V potential with frequency sweep from 0.1 to 105 Hz. Equivalent circuit modeling
of the EIS data was carried out through Gamry Echem Analyst Vn 7.05 software (Gamry Instruments,
USA). Cathodic-first charge balanced bi-phasic current pulses with 400 pA amplitude, 200 us cathodic half-
phase period were applied using a Gamry Instruments Virtual Front Panel (Gamry Instruments, PA, USA)
and voltage transient responses corresponding to voltage excursions between working and counter
electrodes were recorded.
2.4 In Vivo Validation of Neural Recording and Stimulation

The in vivo study investigated neural recoding quality and stimulation performance of the Gr on
GC Micro ECoG (LECoG) probe through acute and chronic recordings in adult female Long-Evans rats
(250g-300g; Charles River Laboratories, MA). The acute sensory evoked potential (SEP) and motor evoked
potential (MEP) recordings were performed in three animals and one animal, respectively. The chronic
implantation was conducted in one animal. All procedures were approved by the Institutional Animal Care
and Use Committee of the University of Washington under the protocol number 4265-01.
Surgical Procedure for Acute Brain Recording and Stimulation

Three uECoG probes (Device 1-3) were evaluated by acute SEP recordings in three animals (7=3).
The animals were anesthetized using 2-3% isoflurane mixed with oxygen. Body temperature was
maintained on a heating pad set at 37°C during and after the surgical procedure. The skin on the head and
right forelimb was shaved and cleaned three times with alcohol and betadine. The skin incision was made
on the skull, and the soft tissue was removed to expose the frontal and parietal bones. The head was fixed
within a stereotaxic frame, and three screws were placed on the skull. One screw for a reference wire was
placed on the right parietal bone and contacted the dura over the brain. Two screws for ground wires were
placed on the bilateral frontal bones without contacting the brain. 6 mm x 4 mm craniotomy was performed,

centered 1.5 mm caudal to the bregma and 2.5 mm lateral to the midline to target the somatosensory area

104



for the right forelimb [26]. After removal of the dura mater, the LECoG device was placed on the brain
surface and stabilized by gel form and acrylic dental cement.

Three pECoG probes (Device 4-6) delivered stimulation to assess the stimulation function by acute
biceps MEP recordings in one animal (n=17). The animal was anesthetized using urethane 0.6g/kg [27]. In
this brain stimulation study for MEPs in biceps muscles, 6 mm x 4 mm craniotomy was performed, centered
1.5 mm rostral to the bregma and 2.5 mm lateral to the midline to target the motor area for the right forelimb.
The devices were placed on the brain surface, and one screw on the right parietal bone was used as ground.
Surgical Procedure for Chronic Implantation

One animal was chronically implanted with the Gr on GC microelectrodes (n=1). Procedures were
identical to the acute SEP recording implant describe above with the following exceptions. Sterile
procedures were used throughout the implant surgery. Cement glue preparation with acrylic cement was
used to fix the connector to the skull (C&B Metabond, Parkell Products Inc., NY). Postoperatively,
Buprenorphine (0.05 mg/kg) was administered twice per day for three days to manage pain.

Evoked Potential Recording and Offline Analysis

In both acute and chronic impedance and SEP recordings, the same recording procedure was
conducted under 2-3% isoflurane mixed with oxygen. Body temperature was maintained on the heating pad
set at 37°C during recordings. Impedance of each microelectrode was measured at the frequency of 1 kHz
(IMP-2A Single Channel, MicroProbes, MD, USA). The pECoG electrodes were then connected to a
multichannel data acquisition system (Tucker-Davis Technologies, FL, USA) through an active, unity-gain
head-stage. Two wires (0.27 mm diameter, 2 mm de-insulated tip, AS631, Cooner wire, CA, USA) were
subcutaneously implanted 1 mm apart in the right biceps. Bipolar subcutaneous electrical stimulation of the
periphery was delivered to evoke SEPs on the brain surface (Figure 2a). Specifically, 40 single, biphasic,
squared wave stimulation pulses were delivered with the following parameters: pulse width: cathodic-first
500 ps and anodic 500 ps, current amplitude: 5 mA, frequency: 2 Hz using an analog stimulus isolator

(Model 2100 Isolated Pulse Stimulator, A-M System, WA, USA).
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Recorded data were digitized at 24.4 kHz and stored on a PC for offline analysis. Subsequently,
raw signals were bandpass filtered (30-450 Hz, 4th order Butterworth, zero-phase filter) and down-sampled
to 1 kHz using MATLAB R2020a (MathWorks, MA, USA). The evoked response from 5 ms to 55 ms after
stimulation onset were averaged to obtain average SEPs. The extracted evoked response between 5 ms to
55 ms after stimulation onset was considered as an estimate for the signal, while the extracted spontaneous
activity corresponding to 105 ms to 155 ms after the stimulation onset was taken as an estimate for the
background noise (Figure S4). Subsequently, signal-to-noise ratio (SNR) of the ECoG electrodes over
forelimb sensory cortex were evaluated during SEPs. The SNR value for each trial was defined as the ratio
between the average peak-to-peak response of SEPs at 5 mA biphasic biceps stimulation, and two standard
deviations of the spontaneous activity [28]. The calculated SNR of all channels was used as a useful
indication of the quality of brain-signal recording.

In the acute MEP recording, the data acquisition system was connected to the Gr on GC microarray
through a passive head-stage. Bipolar electromyogram (EMGQG) electrodes were then inserted in the right
biceps muscle for EMG recording (AS631, Cooner wire). Nine 100 us stimulation pulses of monophasic
(pulse width: anodic 100 ps, 3 ms interval, 9 pulses, current amplitude: 2 - 2.65 mA) were delivered to one
electrode, located 2.9 mm rostral to the bregma and 3.4 mm lateral to the midline (location of channel), at
2 Hz for at least 50 pulses per parameter tested (Figure 2b). We performed the experiments using an analog
stimulus isolator (Model 2100 Isolated Pulse Stimulator, AM System, Sequim, WA). The MEPs were
analyzed offline using custom MATLAB scripts. Biceps EMG signals were filtered (4th order Butterworth
band-pass; 10-500 Hz). A single trial of MEP was defined as evoked responses during the 30 ms following
each stimulation event. MEPs were subsequently processed to compute peak to peak amplitudes.

2.5 Immunohistochemical Analysis
Tissue Processing

Brain tissue from the chronically implanted animal was used for immunohistochemistry after 18

weeks of implantation. The rat was deeply anesthetized with Beuthanasia (200mg/kg) injected

intraperitoneally. During full sedation, the rat was perfused with 300mL of 0.9% saline followed by 300mL
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of 4% paraformaldehyde in 0.1M phosphate buffered saline (PBS: pH, 7.4). The brain was dissected and
stored in 10% paraformaldehyde at 4°C overnight. The implanted ECoG probe was explanted during the
procedure. For the following three days, the brain and implant were moved to 30% sucrose buffer
subsequently, 24 hours per buffer in 4°C. The brain was blocked into two different blocks covering the
implanted area of the left hemisphere for the compared to the same area of the right hemisphere as a control.
The blocks were frozen separately into Tissue Tek O.C.T. mounting media (Sakura, Netherlands) using
liquid methanol and carbon dioxide. Serial sections (40 um) were cut (Leica CM1850 cryostat; Leica
Microsystems, Germany) into coronal sections. The sections were stored free floating in a 48-well plate
with phosphate buffered saline (pH, 7.4) at 4°C, and then processed for immunohistochemical staining. The
explanted probe was washed and dried with 90% isopropyl alcohol, then underwent surface and material
characterizations.

Brain sections were washed with 1% Donkey Serum-PBS-Triton 2x10 min at room temperature
followed by blocking with 5% normal donkey serum (Sigma-Aldrich) in PBS for one hour. Primary
antibodies were then added to sections at the following dilutions: Anti-Glial Fibrillary Acidic Protein,
GFAP (1:750; Millipore Sigma) and IBA-1 (1:600, Wako). Sections were incubated overnight with primary
antibodies at 4°C. The following day, the sections were washed with 1% Donkey Serum-PBS-Triton 10
min twice and then incubated in secondary antibody, Alexa Fluor 594 - Donkey anti-rabbit (1:200; Thermo
Fisher Scientific) for one hour at room temperature. The sections were then washed with regular PBS 10
min twice and mounted onto regular superfrost slides (Thermo Fisher Scientific). After the sections dried,

cover slips were applied using Polyvinyl alcohol mounting medium with DABCO (Sigma-Aldrich).
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Figure 5.2 Schematic of setup for in vivo recording and region of interest for fluorescent imaging. (a)
diagram of the setup of multichannel sensory evoked potential recording using contralateral biceps
muscle stimulation. (b) diagram of the setup of motor evoked potential recording of contralateral biceps
muscle using ECoG stimulation. (c) an example of the grayscale GFAP immunostained horizontal
section of the control tissue and the region of interest (yellow dash-line) used for quantification. Scale
bar = 100 um. (d) plot of the fluorescent intensity profile in the region of interest with respect to distance
below the brain surface.

A total of four groups of tissue consisting of sections stained with GFAP or IBA-1 were prepared
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for both the implanted and control cortex. Fluorescent images were captured with a Leica fluorescent
microscope with ZEN Pro software (Carl Zeiss Microscopy GmbH, Germany) under the same illumination

level with 80x magnification, and then converted into grayscale images using ImageJ software. A 100 um



x 400 um rectangular shape window starting from the brain surface at the location of implant was marked
(Figure 2¢). The staining intensities within 20 rectangular windows for each group were quantified by
averaging the pixels across the width of the rectangle in ImageJ and plotting them as a function of distance
from the electrode in MATLAB R2020a (Figure 2d).
2.6 Statistical Analysis

All in vivo data are reported as mean = standard error of mean, unless noted. All data were assessed for
normality with the Kolmogorov—Smirnov test, and none of the data for the analysis were normally distributed.
For the acute SEP and MEP recording analyses, difference between three devices were evaluated by Kruskal-
Wallis test and Wilcoxon Rank-Sum test with Bonferroni correction. For the chronic recording analysis,
differences within recorded on the same device over time were evaluated by Friedman’s test and Wilcoxon
Singed Rank test with Bonferroni correction. For the histological analysis, differences of the staining intensities
between the implanted hemisphere and the control hemisphere were tested by Wilcoxon Singed Rank test with
Bonferroni correction. All differences at the adjusted p-value based on the Bonferroni method (< 0.05 divided
by the number of comparisons) were considered significant. All analyses were performed with MATLAB
R2020a.
3. Results

In this section, we report the outcomes of these characterizations, with particular focus on the long-
term stability of the microelectrodes.
3.1 Surface, Mechanical, AFM, SEM, and STEM Characterizations

First, we performed a ‘peel test’ with clear pressure-sensitive tape to assess the adhesion between
Gr layer and the supporting GC layer. The middle two images in Figure 3 demonstrate outcomes of a peel
test, while the last image shows the Gr or GC microstructure after the peel test. It was clearly noticed that
there were no visible residues of Gr or GC left on the tape. This indicates that there is a strong bond between
Gr and GC layers at scales larger than the weak bonds generated by typical van der Waals forces.

Subsequently, to visualize the structural disorders and defects on the surface of the Gr

microstructure supported on GC, we analyzed SEM images (Figure 4). The wrinkles on a graphene surface

109



were formed due to the different thermal expansion coefficient between Cu and graphene during the wet
transfer process of graphene onto a substrate. This also resulted in many line defects including ripples and
folding. Point defects such as vacancies were also observed. STEM imaging of cross section of Gr on GC
microelectrode indicated a distinct zone of graphene layers (~2 nm) on top of GC, while GC region showed
disordered 3D graphitic structure stacking. Topography analysis by AFM of the surface of microelectrode
indicated a lower roughness of Gr on GC material as compared to plain GC. This low surface roughness
could contribute to higher impedance values of the microelectrodes of same dimensions. The mean surface
roughness for GC alone microelectrodes was 40.15 + 6.25 nm (n = 4), while that of Gr on GC
microelectrodes was 9.64 £2.67 nm.
3.2 FTIR Spectroscopy

In the FTIR spectra (Figure 5a), the boxed areas indicate the areas of interest, i.e., carbonyl and
hydroxyl peaks. The potential presence of carbonyls, carboxylic acids, and hydroxyls was tested by
analyzing their known corresponding peaks. The presence of carboxyl groups onto the surface of Gr on GC
was confirmed by the stretching of the carboxyl group observed at 1740-1720 cm™!. Carbonyl and carboxyl
functional groups were observed in sp’ hybridized carbon atoms in graphene sheets or on the edges. Peaks
between 3100-3000 cm™ (=C—H) corresponding to sp from the aromatic ring were observed in the Gr on
GC microstructure. In general, Gr on GC showed several hydroxyl peaks between 3300-2500 cm™.
Hydroxyl functional groups arranged on the top of the surfaces indicated sp® hybridization. Hydroxyl band
between 16401620 cm™! was observed to be overlapped with in-plane vibrations of the skeletal C=C band

of hexagonal aromatic ring from the graphene (Figure S2).

3.3 RAMAN Spectroscopy
We further studied structural disorders in the Gr on GC material through Raman spectroscopy and
compared it to the microstructure of plain GC alone, as shown in Figure 5b. Both disorder-induced,

amorphous band (D-band) and graphitic band (G-band), which are characteristics of carbon material were
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observed both in GC and Gr on GC microelectrodes. Additionally, Gr on GC showed 2D peak indicating
presence of multilayer graphene, as Iop/Ig is less than 0.5.
3.4 Electrochemical Properties

Electrochemical window of the Gr on GC microelectrode was defined by linear sweep voltammetry
by sweeping the working electrode potential between —1.5 and 2 V, with a scan rate of 50 mV/s (Figure
S3). Electrochemical impedance (Figure 6) at 1 kHz of 18.58 + kQ indicates an acceptable range for
UECoG recording application [2]. Phase plot shows a dominance of resistive component for impedance
values at frequencies higher than 6 kHz. Results from cyclic voltammetry of Gr on GC microelectrodes
demonstrate an approximately rectangular shape which is a characteristic of microelectrodes exhibiting a
predominantly double-layer capacitance [2-4]. The modified Randle’s equivalent circuit was curve-fitted
with EIS impedance spectra and showed shapes similar to our previously reported results [2-4]. The
capacitive charge injection mechanism is ideal for understanding neural stimulation and was investigated
with voltage transient response to a biphasic symmetric current pulse of 400 pA for 400 ps pulse width.
The calculated charge injection capacity was 0.226 mC/cm?. The voltage transient response showed access
voltage (Va) of -0.9V, maximum positive voltage of 1.6V, maximum negative voltage of -1.75V, E,,. (most
negative polarization voltage) across electrode-electrolyte interface of -0.85V and E,. (most positive
polarization voltage) close to 0.7V. The Ey.. = -0.85V and E,,, = 0.7V values are within the water window
range for Gr on GC microelectrodes. The charge storage capacity (CSC) of Gr on GC microelectrodes was
calculated by integrating the cyclic voltammogram curve and was found to be 56.48+ 0.770 mC/cm?

(Figure 6).
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Figure 5.3 Adhesive tape peeling test on Gr on GC microstructure, (a) Adhesive tape attached on Gr on
GC microstructure surface (b and ¢) During peeling off of the tape (d) Gr on GC microstructure after peel
off of the test.
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Figure 5.4 (a) SEM image indicating Gr patches on the GC microelectrode surface (inset image:
microscopic image of Gr on GC microelectrode). (b) STEM image showing clear distinction
between Gr and GC interface. Scale bar = 25 nm (Inset Image: Gr on GC sample prepared by FIB for
STEM, Tungsten (W) was used as protective layer and (c¢) comparison of mean surface roughness by
AFM between GC and (d) Gr on GC microelectrode surface.
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Figure 5.6: (a) Electrochemical Impedance Spectroscopy (measured and curved fitted), (b) Equivalent
Modified Randle’s Circuit, (c) phase indicating capacitive behavior, (d) representative cyclic
voltammogram, (e) biphasic pulse of 400 pA for 400 ps pulse-width, (f) voltage transient response of Gr
on GC microelectrode.

3.5 Neurophysiological Recordings

Acute In Vivo Validation

115



We then focused on the in vivo evaluation of the ECoG microarray. We designed the ECoG probe
to perform multimodal function on the brain. First, we tested the acute recording quality of three ECoG
probes (Device 1-3). Each probe was tested in a different animal. We removed electrodes with |Z| > 600 kQ
from all analyses due to likely mechanical or connection failure [S].

The impedance of the electrodes across all devices were evaluated at 1kHz in vivo (|Z| @1kHz =
94.5 + 5.6 kQ, n = 30; Figure 7a). The three devices showed no significant difference in impedance (}*(2)
= (.86, p = 0.6505, Kruskal-Wallis test). Furthermore, subcutaneous biceps electrical stimulation elicited
SEPs in all electrodes (Supplementary Figure S4). By using the SEPs, the signal to noise ratio (SNR) was
calculated as peak-to-peak amplitude of the bicep’s stimulation-induced responses divided by two standard
deviations of spontaneous activity (average SNR: 9.76 + 0.25, for n = 30). There was a significant difference
of the SNR among three devices (x*(2) = 8.44, p = 0.0147, Kruskal-Wallis test). Wilcoxon rank-sum test
revealed a significant difference only between Device 1 and Device 2 (¥*p = 0.0104; Figure 7b). The
average SNR across three devices were over 9.76 which confirms high resolution for the recording (Figure
7b). These observations confirmed the repeatability of fabrication for the new Gr on GC microarrays.

Second, we tested the performance of stimulation through one channel located on the forelimb
motor area in three ECoG probes (Device 4-6) in one animal. The stimulation train through the ECoG
electrodes elicited the MEPs in the biceps muscle using the EMG recording in the same animal. The
maximum stimulation current, 2.65 mA, was determined considering safety of the neural tissues based on
Shannon’s Equation for 300 um electrode diameter and 100 ps stimulation pulse width [29-30].

We found evoked responses in the biceps muscle within the tested parameters. Three devices
similarly showed increased responses as the current increased above 2.4 mA (Figure 8a). There was a
significant difference of the peak to peak responses among three devices at 2.2 mA, 2.4 mA, and 2.65 mA
(¢*(2) =101, 105, and 55.2, respectively, p < 0.001, Kruskal-Wallis test). Wilcoxon rank-sum test revealed
a significant difference only between Device 4 and Device 5 and, between Device 4 and Device 6 (*p <
0.001; Figure 8b). However, the MEPs across three devices were consistently detectable within the safe

parameter settings which confirms the performance of the ECoG stimulation (Figure 8b).
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Figure 5.7 Acute in vivo validation of the Gr on GC device consistency. (a) Electrode impedance |Z] at 1
kHz for all microelectrodes of each device. Circles present individual data points. Error bars indicate
standard error of mean. (b) Signal to noise ratio for all microelectrodes of each device. Electrodes per
device; Device 1: n = 11 electrodes, Device 2: n = 11 electrodes, Device 3: n = 8 electrodes. Red lines,
boxes, Whiskers, and empty circles present median, 25th-75th percentile, minimum values & maximum
values, individual data points, respectively.
Chronic In Vivo Functional Evaluation
Stability of the Gr on GC microelectrodes was evaluated by chronic implantation for 18 weeks in
one animal. We implanted the Gr on GC ECoG arrays over the forelimb sensorimotor cortex and then
conducted impedance and SEP testing for the signal noise ratio (SNR) assessment until 18 weeks post
implant.
The impedance measured on all eight microelectrodes was generally stable over time in vivo except
for the first post-implantation week (x*(4) = 21.35, p= 0.0003, Friedman’s test; Figure 9a). Week 1
showed significantly higher impedance compared to Week 10, Week 16, and Week 18 (*p = 0.0078,
Wilcoxon signed-rank test). This was likely due to changes in the electrode tissue interface around the time
of implantation, as there was no significant change from week 6 to week 18. The SNR through the SEPs
with the contralateral biceps muscle stimulation was also relatively stable except for Week 18 (y*(4) =

16.1, p = 0.0029, Friedman’s test; Figure 9b). We observed a significant decline of the SNR only at Week

18 (SNR: 10.86 + 0.30) compared to Week 1 and Week 6 (SNR: 13.37 + 0.45, 12.82 + 0.64, respectively;
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*p = 0.0078, Wilcoxon signed-rank test). Despite the slight decline of the SNR 18 weeks after the

implantation, the high recording quality was maintained for at least 16 weeks.

3.6 Tissue Histology

To assess the responses of glial cells to the microelectrodes, we labeled the brain sections with
antibodies against glial fibrillary acidic protein (GFAP) for astroglial responses and ionized calcium binding
adaptor molecule (IBA-1) for microglial responses.

The brain tissue close to the surface showed high GFAP positive processes in both the implanted
and control sections, although we observed a trend of slightly higher GFAP responses in the implanted
sections (Figure 10a-c). There was a statistically significant increase in GFAP positive responses in the
implanted section compared to the control section only at 300 um, and 400 pm form the brain surface (Z =
-3.21, p=0.0013 at 300 um, Z = -3.32, p = 0.0001 at 400 um, Wilcoxon singed-rank test; Figure 10c).
Overall, while the deeper brain presented inconsistent increased GFAP responses, 18-week electrode
implantation on the brain did not increase the reaction of astrocytes in the brain close to the surface
compared to the control hemisphere in the animal. Meanwhile, IBA-1 positive cells, indicating activated
microglia and macrophage, tended to be high around the implant, only at 25 pm from the brain, in the
implanted hemisphere compared to the control hemisphere despite non-significant difference after
Bonferroni correction (Z =-2.73, p = 0.0064 at 400 pm, Wilcoxon singed-rank test; Figure 10f). However,
the IBA-1 positive cells showed normal responses based on the control section of the brain (Figure 10d-f).
Therefore, the prolonged implantation of the Gr on GC ECoG led to minimum glial responses of the brain

compared to the control hemisphere in the animal.
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Figure 5.8 Acute stimulation in vivo validation of the Gr on GC device (Device 4-6). (a) Example of
graded filtered electromyographic signals from Device 5 (0-60 ms after the ECoG stimulation onset)
recorded in the biceps following the brain stimulation. (b) Recruitment curve of the ECoG induced motor
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Figure 5.9 Chronic in vivo validation of the Gr on GC microelectrode device stability. (a) Impedance at
1 kHz for all 8 electrodes of the chronic implant over 18 weeks (n = 8). Circles present individual data
points. Error bars indicate standard deviation. (b) Signal to ration (SNR) for all functioning
microelectrodes over 18 weeks. Red lines, boxes, Whiskers, and empty circles present median, 25th-75th
percentile, minimum values & maximum values, individual data points, respectively.
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Figure 5.10 Representative GFAP and IBA-1 images. (a) section from the control hemisphere. (b) section
from the brain after 18 weeks post-implantation. Scale bar = 300 um (¢) An example of the IBA-1
expression image from the control hemisphere. (d) An example of the IBA expression image from the
brain after 18 weeks post-implantation. (e) Plot of the GFAP+ cells with respect to depth below the brain
surface. Normalized fluorescent GFAP intensity at 18 weeks after implantation in the brain (red dashed
line) compared to the control brain (blue line). Each data point is the average of n = 20 samples (implant:
7195 + 348, control: 5509 + 287 at 300 pm; implant: 6969 + 402, control: 5346 + 198 at 300 um; Wilcoxon
signed-rank test, * p-value < 0.05,). (f) Plot of the IBA-1+ cells with respect to depth below the brain
surface. Normalized fluorescent IBA-1 intensity at 18 weeks after implantation in the brain (red dashed
line) compared to the control brain (blue line). Each data point is the average of n = 20 curves.
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Figure 5.11 Gr on GC microelectrode surface morphology post explant after 18 weeks. (a) Magnified
image of the Gr on GC microelectrode surface indicating tissue grown and salts accumulation during
implantation (b) Raman Spectrum of Gr on GC microelectrode indicating similar peaks compared to pre-
implantation. (c) EIS spectra of Gr on GC electrode post explant (d) cyclic voltammogram post explant (e)
biphasic pulse of 400 pA for 400 ps pulse-width (f) Voltage transient response recorded post explant.

3.7 Post-Explant Characterization of Microelectrodes
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After in vivo validation tests for 18 weeks, we investigated the material and electrical characteristics
of the explanted electrode. The SEM image shows the tissue growth around the edge of the microelectrode
Ch 4. There were no defects observed on both the Gr on GC material surface and the polyimide substrate,
indicating structural stability of microelectrode material as well as that of the whole probe. The Raman
Spectra indicated G and D peaks as well as presence of multilayer graphene at 2D peak similar to pristine
Gr on GC microelectrode (Figure 11). Average impedance of the microelectrode at 1 kHz was recorded to
be 8.758 kQ £ 10.26 for n = 6 in PBS 0.01M. This increase in impedance value as compared to pristine Gr
on GC is due to attached brain tissue traces visible on the microelectrode surface. Linear sweep
voltammogram and CV showed the functionality of microelectrode within the water window range -0.9 V
to 1.3 V (Supplementary Figure S5) and the calculated CSC was 51.45 % 6.739 mC/cm?. The lowered CSC
value post implantation could be due to decreased charge transfer capability while the increased impedance
value was due to tissue growth on the electrode surface. The Emc =-0.94 V and Enna = 1.25 V values obtained
from the voltage transient response for a biphasic pulse of 400 pA and 400 ps pulse-width were observed
to be within the water window. Altogether, the Gr on GC microelectrode array showed remarkable
structural and functional stability in terms of electrical and material characteristics over 18 weeks of

implantation.

4. Discussion and Conclusion

By introducing a thicker backing for graphene microelectrodes (and hence out-of-plane rigidity),
we addressed, in this study, a major gap in the potential further expansion of the capabilities of Gr in neural
probe applications with long term stability. A novel microfabrication methodology and pattern transfer
technology followed by pyrolysis of a negative-tone polymer is presented here resulting in a versatile probe
with Gr on GC microelectrodes on a flexible polyimide substrate. STEM image of the new microelectrodes
clearly indicated a distinct zone of Gr layers on top of GC and a separate zone of GC. Raman spectra also
indicated graphene structure with 2D peak. The pyrolysis of SU8 layer located on top of a patterned

graphene layer was observed to have created an excellent bond between the two layers that is further
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strengthened by transitional Gr type intermediate layers. This intriguing outcome has opened up further
possibilities in exploring interplay between these two allotropes of carbon. This will be reported separately
in the future.

Further, the new Gr on GC material introduced here for neurological sensing and stimulation was
demonstrated to be rich in carbonyl, carboxyl, and hydroxyl functional groups. Electrochemical impedance
spectroscopy, and cyclic voltammogram showed electrophysiological compatibility of Gr on GC
microelectrodes. The capacitive behavior of Gr on GC microelectrode was demonstrated with voltage
transient response to biphasic pulse of 400 pA for 400 pus pulse width. Further, the new probes demonstrated
comparable electrical characteristics as their GC counterpart microelectrodes. The charge storage capacity
of Gr on GC was found to be (56.48+ 0.7704 mC/cm?), which is comparable to (61.4 + 6.9 mC/cm?) that
corresponds to ultra-capacitive all-GC microelectrodes (GC microelectrodes and GC traces) of same size
introduced by our group recently [3]. Further, Gr on GC microelectrodes were noted to have relatively less
surface roughness (9.64 +2.67 nm) as compared to the al/l-GC ultra-capacitive microelectrodes
(43.55+£3.09 nm), but comparable roughness to hybrid microelectrodes (GC microelectrodes and metal
traces) (3.3 nm (n =J5)) [2]. The double-sided etching of all-GC microelectrodes could account for their
rather high surface roughness.

Overall, the electrical and electrochemical properties of the new Gr on GC microelectrodes
compare very well with what has been reported in the literature. For example, a porous graphene
microelectrode arrays patterned on polyimide film by laser pyrolysis method had a reported impedance
value at 1 kHz within 2-8 kQ [8]. These microelectrodes were used for sensing brain activity patterns with
high spatio-temporal resolution and to control leg muscles with high-precision electrical stimulation from
the cortical surface [8]. On the other hand, the impedance of Gr microelectrodes was shown to be
fundamentally limited by quantum capacitance. For example, an approach where a parallel conduction path
was created using platinum nanoparticles reported 100 times reduction in graphene electrode impedance
[31]. An alternative approach that used three-dimensional fuzzy graphene (NT-3DFG) MEA helped create

a very significant surface area and a subsequent large reduction in electrode impedance [32].
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With regard to in vivo studies, this study is a first demonstration of the consistency and longevity
of neural recording of Gr on GC microelectrodes over a period of 18 weeks. The acute in vivo impedance
and SNR recordings showed repeatability of the Gr on GC microarrays, replicating the recordings in three
devices and animals. A previous report on Gr microelectrodes for recording neuronal activity showed SNR
of 10.31 + 1.2 for action potential recordings [33] which was comparable to our SNR results. We also
conducted cortical stimulation through the Gr on GC microelectrodes that successfully evoked targeted
forelimb muscles in all three devices within the safe current range under the Shannon constant, k <2.0 [28].
The maximum safety current is 2.66 nA which was converted from the safe charge per phase [29]. This
level of current is also reasonably close (< 10% difference) to what a recent work had recommended in
terms of taking the following into consideration for tissue safety: lower Shannon constant (e.g., k < 1.85),
stimulation protocols including waveform and interval, and surface morphology of electrodes [30]. This,
therefore, has demonstrated for the first-time cortical stimulation with Gr on GC microelectrode in
comparison to previous studies on GC microelectrodes where in vivo stimulation capability of GC
microelectrodes was discussed [2,3]. Furthermore, stable SNR measurements were observed up to 16 weeks
during in vivo implantation, and long-term stable tissue interface impedance for 18 weeks. Our Gr on GC
microelectrodes functionality lasted longer than previously reported Gr applications [34-36]. The longest
brain implantation of Gr probes previously reported was only ten weeks [34].

Tissue histology nearby the implant and tests of the explanted Gr on GC device supported the
functional stability of the device. The histological analysis showed - only on the surface of the brain - trends
of slightly high glial responses with the implanted electrodes compared to the control section of the brain.
A previous study reported that there is a correlation between increased impedance and the presence of
increased GFAP expressions in the implanted area of the brain [37]. Thus, although there were inconsistent
high astrocyte responses, the tissue histology analysis supports the stable tissue interface ability of the
ECoG probe indicated with the stable impedance of the electrodes over 18 weeks [37].

Other research groups have pursued biomimetic coatings for pristine graphene such as polypeptide

coasting to intervene with inflammation [38]. The exploitation of biocompatible Gr probe with coatings
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that minimize inflammatory response could, therefore, further help expand the clinical applications of this
class of neural interfaces [39]. Further, material and electrical properties of the microelectrode implanted
for 18 weeks showed similar characteristics as that of pristine Gr on GC microelectrode demonstrating
material longevity for in vivo recording. Post-explant SEM imaging showed intact lamination between the
Gr on GC microelectrode and polyimide (PI) substrate indicating reliable adhesion at the interface of PI
and Gr on GC microelectrodes. A recent study has shown use of silicon carbide as adhesion promoting
layer in long term in vivo recording and stimulation [40]; however, this current study has demonstrated
intact bonding without use of any adhesion promoter between Gr on GC microelectrode and PI interface.
The strong covalent bonds between GC and polyimide discussed in Hirabayashi ef al, [25] may have
contributed to the intact adhesion of the microelectrodes to the substrate during 18 weeks of implantation.

In summary, based on its excellent impedance values, strong in-plane and out-of-plane mechanical
stiffness, and relatively high SNR acute and chronic in vivo recordings, the Gr on GC microelectrodes
presented here offers a compelling case for expanding the potentials of graphene-based technology in the

broad areas of neural probes.

5. Multimodality of Graphene on GC microelectrodes:
In order to investigate multimodality of Gr on GC microelectrodes similar to GC microelectrode
as studied in chapters 2 and 3, we studied magnetic resonance compatibility and neurotransmitter detection

capability of Graphene on GC microelectrode in this section.

5.1 Methods:

We used magnetic resonance imaging (MRI) and fast scan cyclic voltammetry methods for

studying multimodality of Graphene on GC microelectrodes.

5.1.1 Magnetic Resonance Imaging
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The MR images of Gr on GC and GC microelectrodes of identical dimensions (2 cm x 1 cm) shown
in (Chapter 3, Fig. 1a) were acquired by a Siemens 3 T Prisma scanner (Siemens GmbH, Erlangen,
Germany). The microelectrodes were immersed in phosphate-buffered saline (PBS, 0.01 M) solution and
entrapped air bubbles were released. Similar to Chapter 3, in Fig. 2, the phantom with the microelectrodes
was then placed on top of the MRI phantom (solution N per 1000 g H>O dist.: 3.75 g NiSO4 x 6H0, 5 ¢g
NaCl, 5300 ml, Siemens Healthcare GmbH, Germany) to position the microelectrode near the isocenter of
the coil. MR images of the PBS-agarose phantom with Gr on GC and GC microelectrodes were collected
to test for MRI artifacts (Fig. 5a). The following MR sequences were run with the 3 T scanner: (i) T1-
weighted images were acquired using an inversion-prepared 3D gradient-echo sequence (MPRAGE) with
0.8 x 0.8 x 0.8 mm? resolution, flip angle=9°, echo time (TE)=3.15ms, repetition time (TR)=7.7 ms,
inversion time (TI)=900ms, field of view (FOV)=200x200x179mm? and inversion repeat
time =2300 ms; (ii) T2-weighted images were collected using a variable flip angle 3D turbo spin echo
(TSE) sequence with 0.9 x 0.9 x 0.9 mm? resolution, TE =408 ms, TR =3200 ms,
FOV =230 %230 x 173 mm?, and averages = 1.4; (iii) a 2D dual echo B,-ficld map was obtained with
3 x 3 x2mm? resolution, TE1 =4.92ms, TE2=7.38 ms, TR =600ms, FOV =192 x 192 mm?, and flip
angle = 60°; and (iv) gradient-echo multiband EPI sequence (functional MRI) images were acquired using
a multiband echo planar imaging sequence with 2 x 2 x 1 mm?® resolution, TR =1.02 s, TE =31 ms, and flip

angle = 60°.

5.1.2 Fast Scan Cyclic Voltammetry

Similarly discussed in chapter 2, fast-scan cyclic voltammetry (FSCV) was used to evaluate the
dopamine (DA) detection performance with a WaveNeuro Potentiostat System (Pine Research, NC). For in-
vitro dopamine calibration, the FSCV waveform was used with a pyramidal excursion from —0.5V to
+1.3 V potential and back to baseline with respect to the Ag/AgCl reference electrode at a scan rate of

400 V/s and 10Hz frequency. The duration of each scan was 9ms (900 data points). Measured
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concentrations of dopamine (50 nM—1 uM) were then added over 15 seconds while changes in current were

recorded for 60 seconds in PBS solution (0.01 M)

5.2 Results and discussion

We analyzed and compared the results between Gr on GC and GC microelectrodes for MRI and
FSCV.
5.2.1 MR Images

The imaging artifacts produced in the 3 T scanner by the GC and Gr on GC microelectrodes were
compared in the phantom using clinical MRI sequences. In Fig. 12, the first row shows T1-weighted images
taken with the MPRAGE sequence, T1- and T2-weighted images are commonly used in clinical sequences
and are represented in axial, sagittal, and coronal views in Fig. 12. The darkened rectangular shape on the
right side of the phantom artifact shows loss of signal or hyperintense signals corresponding to an imaging
artifact produced by the tape attaching electrodes to petri dish. There is no visible differentiation between

the Bo-field maps of the GC and GrGC microelectrodes, as shown in Fig. 12

127



BO Field
Map

Coronal
By

B,

Figure 5.12 Comparison of magnetic resonance imaging artifact of Gr on GC and GC microelectrode from
T1 -weighted images captured with MPRAGE. No significant imaging artifacts were observed for both the
samples.
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Figure 5.13 Background subtracted CV showing reduction (—0.18 V) and oxidation (0.62 V) peaks of DA.
Dopamine signals were measured using a standard pyramidal FSCV waveform in which the applied voltage
was ramped from the holding potential of —0.5 V to the switching potential of +1.3 V and then back to
—0.5V at 400 V/s. (a) Background subtracted CVs for 50, 100, 200, 500, 700nM and 1uM DA
concentration in PBS, showing reduction (—0.18 V) and oxidation (0.62 V) peaks, (b) Calibration curve
corresponding to conditions in figure 5.13 (a), (¢) Background subtracted CVs for 50, 100, 200, 500 nM
DA concentration in PBS, (d) corresponding representative color plot of 100 nM detection injected at 5 s
and detected at t =15 s (e and f) Graphene on GC microelectrode designed for DA detection with 1800

1800 pm? surface area

Figure 13 summarizes the results obtained from a series of FSCV characterizations on a
1800 pm? surface area Gr on GC microelectrode. Figure 5.13 d shows an example of dopamine signals
detected using a standard pyramidal FSCV waveform in which the applied voltage was ramped from the
holding potential of —0.5 V to the switching potential of +1.3 V and then back to —0.5 V at 400 V/s scan-
rate. In particular, the color plots show changes in current following the injection of 50 nM of dopamine
(DA) at t =15 secs first. These changes in currents occurred at the known reduction and oxidation peaks of
DA (i.e., —0.18 V and 0.62 V), as clearly shown in the background subtracted CVs for 50 nM, 100 nM and
200nM DA given in Fig. 13 (c). Further, to determine a calibration curve over a wider range of

concentrations, additional sets of FSCV were carried out at 50, 100, 200, 500, 700nM and 1 uM
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concentration of dopamine in PBS. As shown in Fig.5 a and c, the background subtracted CVs
corresponding to these range of concentrations demonstrate reduction and oxidation peaks at (—0.18 V) and
(0.62 V). In addition, the calibration curve for these concentrations of DA varying from 50 nM to 1 uM

follows a linear trend as reported in Fig. 13 b

5.3 Multimodality Discussion

As the resistivity of the GrGC and GC are comparable, induced voltage and current in GrGC
electrodes would be in the similar range as that of GC electrode (Chapter 3, Figure 8). As torque per slew
rate is function of conductivity, gradient induced vibration on GrGC electrode would be also in similar
range as compared to GC (Chapter 3, Figure 9).

Limit of detection for neurotransmitter (DA) for the GrGC electrode is 50 nM, less sensitive as
compared to GC electrode (Chapter 2). Here, to protect the Gr monolayer, dry oxygen plasma cleaning
treatment was not employed. As seen from STEM imaging, basal planes of the graphene stacks were
arranged parallel to surface of the electrode (Chapter 4, Figure 4). While edge plane is considered to have
more electronic density and better electron transfer for surface sensitive probes, the edge planes in the case
of GrGC electrode are not exposed to DA injected in PBS for in-vitro experiments. These edge plane defects
can also be measured from D/G ratio from Raman spectrum. If D/G ratio is higher in Raman spectrum, it
depicts more defects and edge plane sites in carbon electrode. For GrGC microstructure, D/G ratio was
almost equal to 1 (Chapter V, Figure 5).

In FSCV, the dopamine redox reaction is adsorption-controlled by electrostatic attraction between
cationic dopamine and negative oxide groups on carbon electrodes. Only increasing surface area is not
effective way of enhancing adsorption, because capacitance increases with surface area which results in
increased noise. Defects sites on the electrode can be strategically introduced. Chemical treatment such as
oxidative etching of carbon nanomaterials [41,42], and treatments such as laser [43], oxygen plasma etching

[44] generate defects and surface oxide groups to promote adsorption.
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1. Future of Nanomanufacturing

A metamaterial that consists of a layer of glassy carbon (GC) and layer of graphene (Gr) derived
from the same and common polymer precursor (or polymer of similar hydrocarbon content) and bound at
the interface at a molecular level through covalent chemical bonds was introduced here. The suite of
characterizations presented here demonstrate that the new metamaterial consists of graphene and glassy
carbon material seamlessly joined together with clear and identifiable interface layer. STEM imaging
revealed stacks of graphene multilayers close to surface of the material that was verified by molecular
dynamics simulation. The stacks of graphene are crosslinked by the presence of defects in the form of non-
hexagonal rings, vacancies, isolated sp® bonds or chains which introduce curvature in the interlayer
connections. The interlayer distance from imaging was calculated to be ~0.38 nm whereas MD simulation
showed 0.35 nm. Both EELS and MD simulation showed the presence of several functional groups like
epoxides or cyclic ether (C-O-C), carbonyl (C=0), carbonyl, and hydroxyl groups. GrGC has shown
comparable mechanical strength to GC as found in literature based on Young’s Modulus. Addition of Gr

monolayer to GC microstructure may increase mechanical strength of the material.

2. Glassy Carbon (GC) material for neurophysiology

In this dissertation, demonstration of the multimodal capability of GC, one of the carbon’s allotropes,
was addressed to lay the ground work for further exploration on the use of a new metamaterial in neural
probes. It was demonstrated that the microelectrode showed charge injection capacity of 3mC/cm?, charge
storage capacity of 61.4 mC/cm?, in vivo acute recording SNR of ~16. The multi-modality of the glassy
carbon was proved based on neurotransmitter detection capability, magnetic resonance compatibility and

in vitro long-term stimulation capability for 3 billion pulses at 0.25mC/cm? charge density [1,2].

The CSC value obtained here 61.4 mC/cm? is slightly lower than that of carbon nanotubes (CNT)
directly grown on metal microelectrodes (70.8 + 1.1 mC/cm?) [3,4], but much larger than porous graphene

(50 mC/cm?) with impedance of 2-8 kQ at 1 kHz frequency [5]. CSC for PEDOT-PSS coatings is
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40.4 + 4.8 mC/cm? while it is 893.5 + 137.8 mC/cm? for PEDOT-PSS-CNT coatings and ~90 mC/cm? for
AIROF (Activated Iridium Oxide Film) microelectrodes [6-10]. To understand stimulation capability of the
electrode, charge storage capacity (CSC) which provides estimated value of charge an electrode is capable
of transferring was introduced by Beebe and Rose et al [10]. CSC of the electrode is dependent on of
material properties of the electrode such as presence of oxide layer, surface topography, etc. Surface
modification of the electrode by electroplating or surface cleaning has resulted into higher charge injection
capacity for Pt electrodes [11-12], Similarly, Vomero et al has demonstrated that addition of PEDOT-PSS

to GC electrode resulted into high charge density of the injection input for the electrode ~10 mC/cm?[13].

Lu et al have shown that CNT fibers, 20 um in diameter with 41.95 + 3.62 kQ impedance at 1 kHz
frequency also demonstrated MRI compatibility [14]. Zhao et al also fabricated MRI compatible graphene
electrodes by one-step dimensionally confined hydrothermal process using suspensions of graphene oxide
with diameter of 75 um, demonstrated CIC of 10.1 + 2.25 mC/cm?. Activation pattern of stimulation was

studied using functional MRI imaging. [15]

Biologically relevant dopamine (DA) concentration in living systems is within 2640 nM [16] CNT
grown on metal microelectrodes (CNT-Nb) have shown dopamine detection limit of 11+1nM [17],
whereas SWCNT (Single Walled CNTs) on metal microelectrodes have shown detection limit of 17 nM
[18]. Carbon nanofibers modified by PEDOT/graphene oxide coating demonstrated detection limit of
85 nM was reported [19]. Laser-treated CNT yarn microelectrodes (CNTYMESs) have been shown to have

LOD of 13 +£2 nM for DA [20].

Zhao et al have shown that porous graphene fibers microelectrodes demonstrated in vivo DBS
capability in hemi-Parkinsonian rats during MR imaging [15]. Vara et al has shown that PEDOT with
poly(4-styrenesulfuric acid co-maleic acid) coated on carbon microfibers are capable of in vivo spinal cord
stimulation, however, resulted in delamination of the surface coating after being pulsed for 6000 times at
biphasic pulse of 100 uA [21]. Carbon fiber electrode arrays (each ~7 um in diameter) with PEDOT:PSS

[22-24] site have shown promising results with low immune response at electrode tissue interface . Single
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carbon fiber electrode has demonstrated compelling results in chronic recording. Chronic DA recording

was also studied with these electrodes for over a year [25-27].

3. GrGC Metamaterial for Neurophysiology

Encouraged by GC’s performance, we introduced a new GrGC metamaterial synthesis process. To
address demanding need of long-term stimulation capability in carbon-based electrodes for
neurophysiology, we investigated effect of addition of Gr monolayer to GC electrodes during the pyrolysis
process. The resultant process has synthesized GrGC metamaterial and hypothesized that the metamaterial
would be suitable for neurophysiology testbed with comparable or improved material, surface,
electrochemical properties as compared to GC. The effect of addition of Gr monolayer to GC fabrication
process was studied by understanding surface morphology, surface topography. Surface defects and
functional groups, nanostructures were examined. Testbed for GrGC for neurophysiology was introduced
on polyimide substrate. Performance of the GrGC test bed for ECoG application showed comparable
charge storage capacity, in vivo SNR as that of GC electrode. The motor evoked potential recording also
indicated stimulation capability of the GrGC testbed. Table 6.1 provides the comparison between GC and

GrGC material properties and testbed results.

4. Comparative Study: GC Vs GrGC

The microfabrication methodology for GrGC involved starting with Gr monolayer on SiO;
substrate and pyrolyzing Gr and SUS8 photoresist whereas, GC is obtained from pyrolysis process of SU8
photoresist only. The surface roughness of the GC microelectrode is observed to be ~ 40 nm while, it is
examined to be ~ 10 nm for GrGC. Multilayer graphene was indicated by 2D peak in GrGC Raman
spectrum. Hydroxyl and carbonyl functional group peaks were the predominantly observed in FTIR
spectrum of GrGC. Disordered graphene 2-3 layers were stacked in GC whereas multilayer Gr stacking

was depicted in GrGC cross section at the material surface. Likewise, MD simulation results of pyrolysis
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process indicated disordered graphene layers (2-3) stacking for GC whereas multilayer stacking of Gr sheets

was seen in GrGC.

We validated application of neural probe for GrGC testbed with same geometry (@ =300 um)
showed lower impedance at 1 kHz as compared to GC electrode. The GrGC and GC microelectrodes
showed comparable impedance. CSC for GrGC electrode has shown comparable value as compared to GC.
Based on limit of detection for DA neurotransmitter, GrGC has demonstrated less sensitivity as compared
to GC. The relationship between graphene multilayer stacking at GrGC surface and roughness as well as
surface activation of GrGC surface by dry oxygen plasma etching should be investigated for enhancing
sensitivity of GrGC microelectrodes. Similar to GC, GrGC has demonstrated magnetic resonance
compatibility due to its comparable resistivity to GC. In vivo results have demonstrated 18 weeks chronic
implantation capability with SNR ~12 (at 6 weeks). This is recorded to be one of the longest chronic studies

for graphene-based electrodes (Chapter V).

5. Summary:

In the summary, we compared material, electrical, electrochemical properties of the GC and GrGC
materials. Additionally, we analyzed performance of the GC and GrGC material as neural probe test bed.
Thus, the GrGC microelectrodes have shown better conductivity and impedance values in comparison with

GC microelectrodes and CSC values of GC and GrGC microelectrodes are comparable [Table 6.1].
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Table 6.1 GrGC Vs Gc material properties and testbed results

Methods GC GrGC

Micro-fabrication 1. Spin-coat with negative resist (SU8-10) 1. Spin coat SU8 on graphene monolayer
SU-8 photoresist
Si substrate sSu8

2. Pattern negative resist (photolithography) =
Si substrate 2. UV patterning of SU8 photoresist

3. Pyrolysis of SU8 microstructures suUs

GC

ar

3. Oxygen Plasma etch removal of graphene

sus
Gr

4. Pyrolysis at 1000° C of SU8 and Graphene

Surface SEM
Morpholog

y

~ === GrGC microelectrode Edge
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Table 6.1 GrGC Vs Gc material properties and testbed results (Continued)

Methods GrGC
Surface
Topo-
graphy
| 014pm
0.00 pm
9.64 £2.67 nm
Surface
Defects 2 % )
% 2
f:, 3000 GC :?3 '
g 2000
1200 1400 1600 1800 2000 ?:’ll':-" sni:::‘:"“ 2600 2800 3000 3200 3400
surface FTIR -OH : aleohol -CH -OH :Hydroxyl, Carboxyhcacr\-d CczC C=C=C c=0 GC on SiB2
bonds Spectrum i e e e e el M - QC
Molecular
Dynamics
Simulation
GC: double layer graphene with
highly curved microstructure ‘
GrGC: multilayer graphene grown
at original monolayer Gr edges
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Table 6.1 GrGC Vs Gc material properties and testbed results (Continued)

Methods GrGC
Molecular
Dynamics
Simulation
Double layer 3-4 layers of graphene sheets
Resistivity | 6.862e-3 (T. Hunt 2020) 6.738e-3 (T. Hunt 2020)
(Q.cm)
Micro- Impedance | 5.8+1.2kQin 0.01 M PBS 4.948+1.47 kQ in 0.01 M PBS
electrode- | at 1 kHz (Nimbalkar et al, 2018)
In vitro
Charge 61.4+6.9 [ Nimbalkar et al, 2018] 51.45+£6.739
Storage
Capacity
(mC/cm?)
10 R o
200 n
: =7 i
3 oF L /
g oy R e
-0.6 -0.3 00 03 06 09 1.2 15
Potential (v vs AQ/AgCl) o Pl:rt[;!nlial v Sfﬁ.gmgc: V) "
LOD = 10 nM [Nimbalkar et al] LOD =50 nM
MRI No imaging artifact for GC (Pt Vs No imaging artifact for both (GC
GC) Vs GrGC)
In vivo Impedance | 81+ 16 kQ (n=8) [Nimbalkar et al, 94.5 £ 5.6 kQ (n=30)
2018]
SNR 16 = 6(n = 8) [Nimbalkar et al, 2018] | 9.76 £ 0.25, for n = 30
Acute SEP
SNR SEP | - 12.82 £ 0.64 (n =8) after WK 6
Chronic
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Table 6.1 GrGC Vs Gc material properties and testbed results (Continued)

Methods

GC

GrGC

In vivo

MEP

Mean peak to peak voltage of 50

uV recorded for stimulation
current of 0.24 mA

6. Conclusion:

The new metamaterial introduced here will find applications in the broader areas of semi-conductor

technology, sensors, photovoltaics, energy storage and the like. In semi-conductors, graphene’s exceptional

conductivity and zero band-gap along with GC’s capability to form 3D and complex conducting

components (3D electrodes, antennas, resonators, etc.,) will offer a compelling platform that could enable

new possibilities in TTF (thin-film transistors) FET (field effect transistors), OFET, etc. The exceptional

electrochemical sensing capability of GC together with the exceptional electrical conductivity of graphene

could also offer pathway to ultra-sensitive biochemical sensors that could substantially extend current

detection limits. In energy storage, Gr layer will offer its superior electrical conductivity while GC will

allow high charge storage capacity.
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Supplementary Tables and Figures: Chapter 11

Ultra-Capacitive Carbon Neural Probe Allows Simultaneous Long-
Term Electrical Stimulations and High-Resolution Neurotransmitter

Detection

Figure S2.1 15-channel aGC ECoG recording microelectrode array mounted on PCB with GC
microelectrodes, GC traces and GC bump-pads microfabricated through 2-step double-sided patterning.
The probe has microelectrodes with 300 um diameter, 180 pum wide traces and a total width of 3.5 mm at
the electrode locations. ZIF (Zero Insertion Force) connectors are used to connect the probes to PCB which
is eventually connected to TDT (Tucker-Davis Technologies) multichannel data acquisition system via a
DF30 connector (bottom).
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Figure S2.2 4-channel aGC penetrating (intracortical) microelectrode array used for dopamine detection
(a) Probe mounted on a PCB with ZIF connector (b) SEM image of aGC probe showing four GC
microelectrodes with exposed area of 25 um x 20 pm (500 um?) spaced at 220 pum. Total width of the probe
near the microelectrodes is 500 um. Length of probes is 17 mm with width of 50 pm.

Figure S2.3 SEM Imaging after pyrolyzing SU8 photopolymer as precursor for GC traces and electrodes
(a) Serpentine-shaped GC interconnects (b) Close-up view of GC microelectrodes (@ = 300 pm) and GC
interconnects.
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Figure S2.4 (a) Experimental setup of Instron Universal Testing Machine for axial tensile loading of aGC
electrode probe (b) Comparison of load-deflection curve of aGC probes with that of thin-film metal probes
of similar geometry. Tensile test specimen probes with 17 mm in length, 3 mm in width, and 50 mm in
thickness were used.
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Figure S2.5 (a) Voltage transients of a GC microelectrodes in response to a 5.2 mA biphasic pulse
corresponding to 3 mC/cm? charge density (b) Impedance spectra before and after 20, 40, 50 billion cycles
of 3 mC/cm? stimulation pulses in PBS, and (C) Corresponding cyclic voltammograms. Qinj is calculated
as the time integral of current in the loading phase normalized by the geometric area.
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Figure S2.6 Spectrogram of six ECoG channels during SEP stimulation shown in Figure 8b. Short time
Fourier Transform was applied to the 256 ms section of each ECoG time series and smoothed by 200 ms
overlapped windows to obtain this temporal-spectral representation of ECoG data.
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Table S2.1 Summary of Charge Injection Limits (Qinj), CSC and Potential Limits of Microelectrode
Materials Reported in Literature

Material Coating CSC Qinj limit Potential limit | Ref. Mechanism
(mC/cm?) (mC/cm?) (V vs.
Ag/AgCl)
CNT no - 1-1.6 -1.5-1 (1) capacitive
pillars
CNT CVD | no 70.8 + 1.1 4 -1-1.15 2) capacitive
at 100 mV/s
Porous no 50 3.2 -1.3-0.8 3) capacitive
Graphene at 100 mV/s
PEDOT- yes 40.4 +64.8, 25-7 -1-0.8 (4-7) pseudocapacitive
CNT 158.7+8.1,
540.7 +70.3
at 100 mV/s
PPY-CNT | yes 212.3+23.9 7 -0.9 - +0.6 2) pseudocapacitive
PEDOT yes 75.6+54, 23-15 —0.8-+0.6 (6,8-10) pseudocapacitive
893.5+137.8
at 100mV/s
IrOx yes 28.8+0.3 09-33 —0.8-+0.6 (8, 11-12) faradaic
at 50 mV/s
Pt no 0.5+0.1, 0.05-0.15 -0.8-+0.6 (6,8,913) pseudocapacitive
8.6+3.5
GC no 61.4+6.9 3.0 -09-+1.3 capacitive
(Current)

Table 2.2 Summary of Detection Limits and Sensitivity to Dopamine Detection Reported in Literature

Material Detection Limit Sensitivity at 1 mM DA Ref
CNT yarn microelectrodes 25+2nM -- (14)
Laser treated CNT yarn 13+2nM -- (14)
microelectrodes
PEDOT/graphene oxide modified | 85+ 9 nM ca. 50 nA/pum? (15)
CF
CF 19 +4, - (15,17,18)
218 +£20 nM
Self-assembled SWCNT forests 17+3 nM 184 + 19 pA/um? (16)
at 10 Hz,
65+ 7 nM
at 90 Hz
CNT-Nb 11+ 3 nM 197 £ 16 pA/um? 17)
GC 10 nM 450 £ 30 pA/pm?
(Current)
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Supplementary Tables and Figures: Chapter 111

Glassy Carbon Microelectrodes Minimize Induced Voltages,

Mechanical Vibrations and Artifacts in Magnetic Resonance Imaging

A. Microfabrication of Pt microelectrodes on a polymer substrate

1. Spin-coat Durimide 115a base layer and pattern with RIE 4. Metal patterning through lift-off process
Pt
Polyimide (Durimide layer ) Durimide layer o
2. Pattern base layer (photolithography) 5. Spin-coat top insulation layer of Durimide 7520 and pattern
_ Pl
S e | e
Si substrate
3. Metal Deposition (Ti adhesion layer + Pt) 6. Etch oxide layer with BHF to release from Si substrate
Ptlayer

- Pt layer
Durimide layer Durimide layer

Figure S3.1 Lithography process for microfabricating Pt microelectrodes on a flexible polymer substrate.

B. FEA Methods

The FEM simulations of the effects observed were made in COMSOL Multiphysics (COMSOL
AB, Sweden). Static magnetic fields (B, effects) were obtained by solving for the magnetic scalar potential
according to Gauss” law, dynamic electromagnetic behavior (gradient effects) by solving for the magnetic
vector potential and current fields according to Ampere’s and Faraday’s laws and the radiofrequency

behavior (B, effects) by solving for the electric field in the EM-wave equation.
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All simulations were made using the structures shown in a much larger (>10x) volume setting the
boundary condition on its outside. These were, respectively, a large box with uniform magnetic flux in one
direction on its boundaries, a large box with a time-varying magnetic flux in one direction and an
electromagnetic single-loop resonator, excited at the desired frequency, inside a much larger box, at whose

boundary the electromagnetic field was null.

The materials simulated were Pt (e ~= 0.735, = 279 ppm, o= 9.43x10° S/m), GC (& ~= 12.5,
=-1.2 ppm, ¢ ~= 6803 S/m), and PMMA (&; ~= 2.6, x = -1.2 ppm, o ~= 0 S/m) in a water phantom (& ~=

80, x =-9.05 ppm, 6~= 0 S/m) [21-24].

Figure S3.2 FEA domain used for solving static magnetic effects, magnetic potential vectors, and electric
fields.

C. Three-step measurement protocol to determine the torque produced by the implants
Connect the actuation coil to the external frequency-controlled voltage supply:

i.  Determine the spring constant u, by sweeping the torque 1; at a constant low frequency (4 Hz).
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iil.  Determine the transfer function and the eigenfrequency of the mechanical oscillation by sweeping

the frequency of the torque t; at constant amplitude.

Disconnect the actuation coil from the external frequency-controlled voltage supply.

iii.  Application of a defined gradient sequence and measurement of deflection.

We recorded the resulting vibration as well as the excitation pulses to enable a proper analysis in the
frequency domain. The used devices are: frequency controlled voltage supply: Tektronix AFG3022B,
Acquisition devices: NI-USB9215 & RedLab 1408-FS both connected to the computer via USB readout

through MatLab interface.

By measuring the transfer function as explained in step (i) + (ii), one can derive the torque acting

on the mechanical device due to the electrode ground planes (see Figure S.2.)

To evaluate and distinguish the effect of acoustic vibration from eddy current induced vibration we
run the sequence also with no electrodes attached to the PMMA. Therefore, we tested three different PMMA
plates each of them in three different measurement cycles to obtain statistically relevant values about the
acoustic coupling. Additionally, we used a sample produced from 40 pm copper foil (Chomerics, CCK-18-

101-0200) to evaluate the torque produced by a high conductive sample.

In step (iii) we measure the time domain signal of the gradient switching and the consequential
deflection. To measure the gradient switching response of the samples we ran a standard 2D gradient echo
sequence (axial slice). To simplify the analysis, we applied a one-dimensional gradient along the z-axis, by
setting the field-of-view (FOV) of the two orthogonal gradients to 10 m (at 32 pixels). For the Pt and GC
sample we set the slice thickness to 0.4 mm, whereas for the Cu sample to 20 mm. In both cases, the

excitation bandwidth was set to 3 kHz. To obtain maximal vibration we excited the corresponding samples

1

on mechanical resonance, thus set TR = . Using the Fast-Fourier-Transform (FFT) we analyze the

res

signal in the frequency domain which allows to compensate for the mechanical transfer function and to

calculate the external torque. From step (i) + (ii) we know the transfer function and the spring constant,
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and we can derive the torque produced by gradient switching. The results were normalized in reference to
the static magnetic field and the gradient slew rate which leads to an implant specific parameter, the position
and the field strength we measured. This results in a specific number or figure of merit for an implant
namely the specific torque per field slew rate (TPSR [#T;ls]) The worst case torque produced by an implant

obtained in any MR scanner is obtained by multiplying this number with the slew rate of the target scanner,

the maximal possible distance from the gradient center and the corresponding field strength.
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Figure S3.3 Result of the spring constant measurements of the different samples using the same sample
holder. Variations arise due to the maladjustment of the sample holder when exchanging the samples. This
leads to a shift of the angle o between the sample holder and the Bo-field and thus to a different torque (see
Equation 2 in the main document). The spring constant of the sample holder is u = (1.85 £ 0.15)
uNm/mDeg.
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Figure S3.4 Measured transfer functions of different samples. The harmonic-oscillator-like behavior of the
damped spring-mass system is clearly recognizable.
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Bode plot
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Figure S3.5 Transfer function with higher frequency resolution around the resonance frequencies. The
highest resonance frequency is measured with the PMMA sample holder without an electrode because the
moment of inertia is least without an electrode sample attached on the PMMA substrate. The GC
microelectrode is lighter than the Pt microelectrodes, hence the resonance frequency of the GC
microelectrode is reduced compared to the empty sample holder but larger compared to the Pt
microelectrodes. For the copper foil there is, in addition to the reduced resonance frequency, an increased
damping observable. The cause is the damping forces due to eddy currents during vibration, induced by the
motion of the sample inside the Bo-field. Hence, the very precise measurement of changes of the transfer
function could be used as an examination tool, too.
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D. Imaging Results of By Field Map and EPI Sequence

Figure S3.6 (a) Bo-field map image showing very little or no signal loss at Pt microelectrode site in the
coronal view with 3T scanner and (b) Echo planar fMRI image showing loss of signal at Pt microelectrode
site in axial view with 3T scanner
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Supplementary Tables and Figures: Chapter IV

Novel Graphene-Glassy Carbon (GrGC) MetaMaterial: Synthesis,

Characterization, and Molecular Dynamics Simulation
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Figure S4.1 Carbon, Hydrogen and, Oxygen (CHO) contents of the GrGC nanostructure during pyrolysis
(a) Model I (b) Model I
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Figure S4.2 Model I (a) closed cage GrGC structure evolution during ramp down of temperature from
2300K to 300K (b) Gr interlayer stacking spacing changing from 2300K to 300K is observed to be
0.38+0.014 nm at 300K. Model II (a) closed cage Gr structure evolution during ramp down of temperature
from 2300K to 300K (b) Gr interlayer stacking.
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Supplementary Tables and Figures: Chapter V

Graphene on Glassy Carbon Microelectrodes Demonstrate Long-
Term Structural and Functional Stability in Neurophysiological

Recording and Stimulation

GC on silicon dioxide substrate

Gr
GC

F_1 0,
Si

Gr on GC microstructure

Figure S5.1 GC and Gr on GC microstructures for FTIR spectroscopy.
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Figure S5.2 (a) FTIR Spectra corresponding to function group peaks for GC and Gr on GC
microstructure. (b) close-up showing hydroxyl (-OH) stretching, =C-H, alkyne (-CH), and alkane
stretching
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Figure S5.3 (a) close-up showing C=0 stretching and -COOH group, and (b) alkene (C=C) groups.
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Figure S5.4 Linear sweep voltammetry of Gr on GC microelectrode swept between 2 and —1.5 V vs.
Ag/AgCl, scan rate of 50 mV/s). The light blue color indicates the standard deviation.
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Figure S5.4 Example of averaged sensory evoke potentials (SEPs) in an acute recording of 12 electrodes.
(a) averaged SEPs response (blue) displayed 7-37 ms after the biceps muscle stimulation with the average-
spontaneous activity (red) with shaded error (standard error), (b) the power spectrum for sensory evoked
response (blue) and spontaneous activities (blue) corresponding to the same signals shown in (a).
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Figure S5.5 Linear sweep voltammetry of Gr on GC microelectrode swept between 2 and —1.5 V vs.
Ag/AgCl, scan rate of 50 mV/s) post-chronic implantation of 18 weeks. The light blue color indicates the
standard deviation.

9 X 10°° . . .
1
0
< ]
-2 -
Std Dev Post-Explant
-3 ==Post-Explant
Std Dev Pre-Implant
—Pre-Implant
_4 1 L 1 L T I
-1.5 -1 -0.5 0 0.5 1 1.5 2

V Vs Ag/AgClI

Figure S5.6 Plot S3 and S5 together — Superposition of linear sweep voltammetry of Gr on GC
microelectrode swept between 2 and —1.5 V vs. Ag/AgCl, scan rate of 50 mV/s) pre- and post-chronic
implantation of 18 weeks.

168



—450(,A)
—400(uA)

2r —200 (1A)/|
—150(uA)

1 —100(uA) ||

Potential (V)
o

_3 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2

Time (ms)

Figure S5.7 Calculation of CIC. For biphasic cathodic pulse of I = I, <400 pA, Ema and Enc values were
within the range of water window of the electrode. For I. = I, > 400 pA, Enc and En, are out of range of
water window. So, max CIC at I = I, = 400 pA is calculated as 0.2263 mC/cm?
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