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3D neural implants for in vivo applications

Zusammenfassung

3D-Elekiroden-Arrays (3D-MEA) haben im Bereich der Biomedizin zunehmend an Bedeutung
gewonnen, insbesondere bei der Untersuchung von elektrophysiologischer Aktivitdten. Die Inter-
aktion zwischen diesen Arrays und dem neuronalen Gewebe sind durch die elektrochemischen,
mechanischen und geometrischen Eigenschaften der Elekiroden beeinflusst. Wahrend 2D-MEA
nur begrenzt in der Lage sind, die Komplexitat neuronaler Zellnetzwerke zu erfassen, missen
herkémmliche 3D-MEA in Bezug auf Auflésung und Gewebeintegration weiter verbessert werden.
Ziel dieses Projekts war es daher, die Anzahl der Schéfte eines 3D-MEA zu erhéhen und damit die
Anzahl der Elekiroden zu vergréBern. Flexible Polymere wurden als primares Material gewéhlt,
um Schéaden bei der Implantierung und Reaktionen des Gewebes zu minimieren.

Bei der Herstellung wurden zwei Anséatze verfolgt, um aus einem 2D-Design eine 3D-Struktur zu
erzeugen: Die Elektroden wurden entweder auf ein flexibles Substrat gedruckt (PiRi) oder aus-
geschnitten und gefaltet, um Kirigami-Strukturen zu erhalten (KiRi). Der erste Ansatz nutzt ein
prézises 3D-Druckverfahren in Kombination mit einer schablonengestitzten Elektroabscheidung,
um bis zu 400 pm hohe 3D-Mikroelektroden auf einem flexiblen Substrat herzustellen. Der zweite
Ansatz verwendet ein mechanisches Formgebungsverfahren, das die Herstellung von bis zu 512
Elektroden, verteilt auf 128 Schafte, in einem einzigen, flexiblen Implantat erméglicht. Dabei kann
die Hohe der Schéfte bis zu 1 mm betragen.

Um die Implantate in in vivo-Anwendungen zu testen, missen die Eigenschaften des Designs und
die chirurgischen Methoden beriicksichtigt werden. Ziel war es daher, die Machbarkeit der Implan-
tation, die Biokompatibilitét, die Langzeitstabilitat und die Sicherheit der hergestellten Implantate
nachzuweisen, indem eine Reihe von elektrischen und mechanischen Charakterisierungen der
Elektroden durchgefiihrt wurden.

Die Vorteile beider Anséatze zeigen sich in der Flexibilitdt des Designs zum Beispiel bei der An-
zahl und Konfiguration der Elektroden. Die Implantate kdnnen daher flir verschiedene neuronale
Anwendungen, wie der Netzhaut oder dem Kortex, eingesetzt werden. Gesunde und degener-
ierte Netzhdute von Ratten wurden verwendet, um die Implantate zu validieren und zu zeigen,
wie sich die elektrophysiologische Aktivitdt im gesamten 3D-Raum der Netzhaut unterscheidet.
Bei degenerierten Netzhduten wurde eine charakteristische pathologische Aktivitat in Form von
Oszillationen untersucht. Die Auswirkung der Insertion in Bezug auf verletztes Gewebe, was sich
bei beiden Implantaten als gering erwies, wurden mithilfe von Zellfarbungen evaluiert. Zur Vor-
bereitung akuter in vivo Versuche wurden chirurgische Anséatze fir 3D-Netzhautimplantate mit
Kadavern durchgefiihrt, einschlieBlich der "Open-Sky" Operation und der pars-plana Implanta-
tion. AuBerdem wurden die KiRis und PiRis fir den Einsatz in kortikalen Anwendungen optimiert.
In menschlichen Hirnschnitten wurden epileptische Anfélle durch Behandlung mit modifiziertem
aCSF (artificial cerebrospinal fluid) ausgeldst. 3D-Messungen zeigten anfallsartige Aktivitat in
verschiedenen lokalen Netzwerken zu unterschiedlichen Zeitpunkten. Darlber hinaus wurden
KiRis und PiRis in den Kortex lebender Mause in akuten und kurzzeitigen chronischen Anwen-
dungen implantiert. Dies ermdglichte die Erfassung von Spiking-Aktivitdt und typischen lokalen
Feldpotentialen (LFPs) bei verschiedenen somatosensorischen und visuellen Reizen.
Zusammenfassend untersucht die vorliegende Studie die Entwicklung, Charakterisierung und Va-
lidierung von zwei neuartigen Ansatzen zur Herstellung von flexiblen 3D-Neuroimplantaten, PiRi
und KiRi. Wie in den in vitro und in vivo Studien bewiesen wurde, bieten diese Messplattfor-
men verbesserte Mdglichkeiten fiir die Analyse von neuronalen Stérungen, bei denen eine hohe
raumliche Auflésung erforderlich ist.
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Abstract

3D microelectrode arrays (MEAs) have become increasingly prominent in the field of brain-
machine interfaces (BMI), particularly in the context of studying electrophysiological activity. The
interaction between these arrays and neural tissue is influenced not only by the electrochemical
characteristics of the electrodes, but also by the mechanical and spatial characteristics of the
recording platform. While 2D MEA are constrained in their capacity to capture the complexity
of neural cell networks, conventional 3D platforms continue to necessitate enhancement with
regard to resolution and tissue integration. Thus, the objective of this project was to increase
the number of penetrating shanks on a 3D MEA thereby increasing the number of electrodes.
Flexible polymers were selected as the primary material in order to minimize insertion damage
and foreign body reactions (FBR).

Two approaches to create a 3D structure out of a 2D design were followed: The electrodes were
either printed on a flexible substrate (PiRi) or cut out to obtain kirigami structures (KiRi). The first
approach utilizes a highly customizable 3D printing process in combination with template-assisted
electrodeposition to fabricate up to 400 um high 3D microelectrodes on a flexible substrate.
The latter approach employs a matched-die forming process, enabling the fabrication of up to
512 electrodes distributed across 128 shanks within a single, flexible device, with shank heights
reaching up to 1 mm.

In order to test the implants in in vivo applications, it is necessary to take into consideration the
characteristics of the design and the surgical methods to be employed. Thus, the objective of
the research was to demonstrate the implantation feasibility, biocompatibility, long-term stability,
and safety of the fabricated implants by performing a number of electrical and mechanical
characterizations of the probes.

The advantages inherent in both approaches are evident in the extent and flexibility of customiza-
tion. This extends to the electrode count and configuration, allowing for the employment of the
approaches in a number of different neural applications, such as the retina or the cortex. Healthy
and degenerated retinas of rats were used to validate 3D-printed and kirigami electrodes demon-
strating how electrophysiological activity differs throughout the 3D space of the retina. In Royal
College of Surgeons (RCS) rats, characteristic pathological activity in the form of oscillations
was identified and investigated. Following intraretinal insertions, cell stainings were conducted
to evaluate the insertion impact, which was found to be low for both implants. Furthermore, in
preparation for acute in vivo retinal applications, surgical approaches for 3D retinal implants were
conducted in a cadaveric setting, including open-sky surgery as well as pars-plana implantation.
Moreover, the KiRis and PiRis were optimized for use in cortical applications. In human brain
slices, epileptic seizures were induced by treating them with modified artificial cerebrospinal
fluid (aCSF) (high potassium and low magnesium). 3D recordings revealed seizure-like activity in
distinct local networks at different time points. Furthermore, kirigami intraneural implants (KiRi)s
and 3D printed intraneural implants (PiRi)s were implanted in the cortex of living mice in acute
and short-term chronic settings, allowing the capture of spiking activity in the somatosensory
cortex upon whisker stimulation and foot-pinches, and of typical local field potentials (LFP)s in the
visual cortex upon visual stimuli, respectively.

In summary, the present study examines the development, characterization and validation of two
novel approaches to the fabrication of 3D flexible penetrating neural implants, PiRi and KiRi. As
proven with the in vitro and in vivo studies, these tools offer enhanced capabilities for analyzing
neural disorders and disease models where high spatial resolution is required.
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1. Introduction

Neurological disorders affect more than one out of three people worldwide [1]. In general, the
term "neurological disorders" is used to describe a subgroup of human disorders characterized by
complications affecting the human brain and nervous system, which are considered the most com-
plex organs in the human body. Among the most prevalent neurological disorders are Alzheimer’s
disease and other forms of dementia, epilepsy, Parkinson’s disease, stroke, and migraine. While
some neurological conditions are inherent and chronic, others manifest as a result of neurological
degeneration, which is a significant concern in today’s aging population, or as a consequence
of accidents leading to sensory impairment or loss. These neurological conditions can result in
brain, cognitive, and, behavioral disorders that impair the patient’s ability to perform fundamental
activities, such as walking, speaking, learning, and moving. While awareness of these diseases
has contributed to a reduction in mortality rates, some chronic neurological disorders can result in
permanent and partial disability, as well as an enduring state of suffering [1][2]. While conventional
pharmaceutical treatments and surgical procedures [3][4] may reduce the burden of disease, they
are accompanied by serious risk of side effects. These include the necessity for repeated treat-
ment and a heightened risk of infection from surgical procedures, which may be perceived as a
potential limitation in certain circumstances. Currently, neurological diseases represent a signif-
icant global health concern, particularly in the context of a rising life expectancy worldwide [1].
Moreover, despite recent advancements in neuroimaging techniques and the utilization of deep
learning models for the processing of large data sets, our comprehension of brain functionality still
remains incomplete [2]. Furthermore, for certain neurological conditions and disorders, effective
treatments remain unavailable. Therefore, as the most prevalent cause of global disease burden
with rising global rates, there is a pressing need for effective prevention, diagnose, treatment, and
rehabilitation for disorders affecting the nervous system [1].

Consequently, a substantial number of attempts have been made to provide alternatives to con-
ventional treatments. These include non-pharmaceutical treatments, such as therapeutic music
therapy for Alzheimer’s and autism [5], gene [6] and stem cell therapies [7][8]. Furthermore, there
are ongoing investigations into using nanomaterials, such as quantum dots, metallic or polymeric
nanoparticles, or carbon nanotubes, for drug delivery and for bioimaging [9]. Moreover, neu-
rotechnology research has yielded evidence that direct brain interfacing is a viable approach for
measuring or modulating nervous system activity. Among neural interfaces, it is important to dif-
ferentiate between various types. Non-invasive brain recordings (brain computer interface (BCl)),
such as electroencephalography (EEG), are distinct from neural implants or prostheses, which
are considered implantable and invasive (brain-machine interface (BMI)) [10]. In addition to the
widely utilized cochlear implants, which have been implanted in over one million patients [11], and
deep brain stimulation (DBS), which has emerged as a highly accepted therapeutic approach for
neurological disorders in recent years [12], there are numerous other neural implants. These are
currently employed not only in neuroscientific investigations but also in pre-clinical and clinical set-
tings, thereby improving the quality of life for patients. The applications of neural interfaces span a
range of neuroscientific investigations, including the neural mechanisms underlying memory and
behavior, as well as the study of abnormal brain signals, such as epileptic seizures [13] or using
neural stimulators in patients with Parkinson [14]. Additionally, BMIs were employed for the func-
tional restoration of sensory abilities, e.g. to restore motor function following spinal cord injury
through the implantation of paddle electrodes within the spinal cord [15] and to partially restore
vision in patients with retinal degeneration through the use of retinal implants [16]. Consequently,
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during the last decades, neural interface technologies were capable of discerning details regard-
ing the functionality or dysfunction of the brain through the analysis of recorded neural activity.
Thereafter, these information were employed for therapeutic purposes enhancing the quality of life
for numerous patients with neurological disorders in ways that were not feasible with traditional
treatments [17].

In addition to an electronic interface and signal processing unit, MEAs represent a crucial ele-
ment of neural interfaces. Microelectrodes, developed through the process of "microfabrication”,
facilitate the transmission of electrical pulses to stimulate neural tissue and enable the detection
of changes in current, impedance, and potential as the nervous system responds. Consequently,
MEAs are a valuable instrument for acquiring a fundamental understanding of the brain’s func-
tionality through high-resolution recording and stimulation. The flexibility or rigidity of MEAs is
contingent upon their substrate material, enabling adaptation to diverse experimental configura-
tions [18][19]. MEAs can be arranged in a grid configuration, thereby covering the surface of
neural tissue. For example, they have been employed to examine epileptic activity through the
use of electrocorticogram (ECoG) [20], or to provide sensory input through electrical stimulation
of the epiretinal surface in patients with retinal degenerative diseases [21]. Nevertheless, further
investigation is required to ascertain the defining characteristics of the underlying pathological
dysfunctions. For instance, there is a lack of understanding with regard to the mechanisms of
seizure spread and onset in deeper layers of epileptic patients [22] and the remodeling of retinal
layers following photoreceptor loss [23]. The cortex and retina are sophisticated 3D neural spaces,
the further study of which would facilitate enhanced diagnostic capabilities and the development
of more efficacious treatments for the aforementioned neurological disorders and degeneration. It
would therefore be advantageous to gain access to the 3D space of nervous tissues, which en-
compasses not only the surface but also the laminar or multilayered structured nervous tissues.
This can be achieved via the implementation of a spatial arrangement of penetrating or protruding
microelectrodes or shanks containing multiple electrodes, which hereafter will be referred to as 3D
MEAs.

Over the past five decades, a variety of 3D neural implants have been developed with the objective
of penetrating neural tissue to reach deeper neural layers. These implants can be classified into
two main categories: silicon (Si)-based and thin-film polymer-based. "Utah" and "Michigan-like"
arrays are the gold standard in the field of invasive neural implants, belonging to the former cate-
gory of probes. Utah arrays are composed of Si needles with metal-based or conductive polymer
tips and a biocompatible polymer encapsulation, forming a grid of needles with equal or oblique
heights and depths [24]. Standard 2D Michigan arrays, comprising multiple gold (Au) electrodes
on Si-based shanks [25], permit the formation of 3D neural implants through the stacking and
overlaying of 2D arrays with predefined spacers [26][27][28]. While Utah and stacked Michigan-
like arrays can penetrate tissue to reach deeper neurons, they typically elicit a strong FBR during
chronic implantation due to the mechanical mismatch between the stiff Si MEAs and the soft neu-
ral tissue [29][30].

Significant advances have been made in recent years with regard to the development of softer and
more flexible materials and micro-scale electrodes that can be used in a 3D fashion, thereby reduc-
ing the occurrence of FBR in comparison to rigid 3D microelectrodes. Among these techniques,
penetrating threads or shanks are implanted individually to cover the 3D neural space [31][32].
This approach can result in prolonged implantation and surgical procedures, as each thread must
be addressed individually, with difficulties in tracking the position of individual threads. In order
to overcome this challenge, various research groups have proposed the use of flexible Michigan-
style arrays [33] and kirigami-based methodologies as a means of achieving 3D flexible neural
implants. The term "kirigami" is derived from the Japanese art of cutting and folding paper. The
cut-and-fold principle is then applied to micromachining, whereby a 2D flexible MEA is initially
processed and subsequently a 3D structure is generated from the 2D MEA through either i) mag-
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netic fields [34][35], ii) mechanical [36][37], or iii) electrostatic actuation [38]. While existing 3D
flexible kirigami-based MEA approaches have successfully enabled 3D neural sampling - from in
vitro 3D neuronal cultures [36] to simultaneous cortical and intracortical monitoring in vivo [37] -
these methods either involve the use of hazardous materials and strong magnetic fields or are
manual, time-consuming processes that do not allow for the folding of a large number of shanks
simultaneously.

In light of the aforementioned challenges, this study addresses the development of flexible 3D neu-
ral microelectrodes with the objective of utilizing them in in vivo applications, with the ultimate goal
of interacting with the 3D space of neural tissue. This study focuses on two specific applications:
the cortex and the retina. From the perspective of fabrication, two approaches are employed to
create a 3D structure from a 2D design (Figure 1.1):

o A: flexible kirigami structures

e B: 3D printed electrodes on flexible substrates using 2PP

A Kirigami (KiRi) B 3D printed (PiRi)

draw-cut-fold
| —

-~ l/ ooy -

3D Kirigami implant 2D MEA 3D printed electrodes

2D MEA

Figure 1.1.: Approaches to develop 3D neural implants: A) Kirigami and B) 3D printed electrodes.

In order to overcome the spatial sampling and manufacturing limitations of the presented
kirigami methods, a key-lock principle was employed during a matched-die forming process to
develop a flexible, biocompatible and high-resolution kirigami MEA (Method A). This approach
enabled the fabrication of customizable and scalable 3D flexible MEAs with up to 128 shanks
with a length of up to 1000 um, offering a rapid and reproducible method. In the case of method
B, 2PP was employed, which is widely regarded as one of the most adaptable and precise
processes for the manufacturing of micro and nano 3D objects. The resolution achievable with
this process is approximately 100 nm, which is appropriate for neural applications, as it enables
the reliable production of structures of arbitrary geometry on the scale of individual cells or even
structures below the cellular level. In addition to the high resolution and the possibility of high
aspect ratio achieved by the printing process, commercially available photoresins have a Young’s
modulus in the gigapascal range. Furthermore, there are biocompatible and non-cytotoxic resins
available [39][40][41]. In this study, 2PP printing is combined with thin film technology and
template-assisted electrodeposition to achieve a 3D flexible MEA with pillar electrodes reaching a
height of 400 um and a diameter of only 12 pm.

To test the novel implants in vivo, it is essential to consider several factors, including the character-
istics of the implant design and the surgical techniques to be employed. Moreover, the objective
is to demonstrate the biocompatibility, long-term stability, and safety of the manufactured implants
through the execution of multiple electrical and mechanical characterizations of the probes, in
addition to in vitro and cadaveric validations.

This thesis provides an overview of the fundamental concepts of neuroscience and an examina-
tion of neural interfaces, including an analysis of the various types, applications, and requirements
(Chapter 2). After describing the applied materials and methods (Chapter 3), the fabrication of
kirigami and 3D-printed implants, which were developed throughout the course of this project, will
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be presented in Chapter 4. Following this, the electrical, mechanical, and long-term performance
of the devices is addressed (Chapter 5). Then, the findings of studies conducted in the context
of retinal applications are presented. These studies encompass a range of methodologies, from
cadaveric surgical trials to in vitro validations utilizing explanted wild-type (WT) and diseased
rodent retinas (Chapter 6). Chapter 7 presents the findings of experiments conducted on cortical
applications with cultured and acute human brain slices and in vivo cortex of rodents. The final
section of this work offers a synthesis of the analysis of the performance and applications of the
3D devices, an evaluation of their current research impact, and a discussion of prospects for their
future development (Chapter 8).
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2. Theoretical background

2.1. Fundamentals of neuroscience

In order to gain a deeper understanding of the most complex human organ, the brain, scientists
often employ a reduction approach breaking down the complexity into elementary parts. Molecular
neuroscience, therefore, describes the most elementary functionalities that are crucial for under-
standing cellular neuroscience. This field of study focuses on how the molecules work together
to create functional units, the neurons, and how they interact with one another. Subsequently, the
neurons form networks to perform complex tasks such as vision or movement. These systems,
such as the "visual system" or the "motor system," have specific neural circuits within the brain
that analyze and process sensory information and act accordingly. The next levels of complexity
are understanding behavior or even cognitive mechanisms like self-awareness, which is arguably
the greatest challenge [42].

The following sections present an overview of the fundamental principles of molecular and cellular
neuroscience, as well as the architecture of the nervous system and human brain. The visual
and somatosensory systems, which were the primary focus of the conducted electrophysiologi-
cal experiments, are explained in more detail. Additionally, a brief overview of the neurological
disorders, that were in the focus of this study, is provided.

2.1.1. Principles of molecular and cellular neuroscience

There are two main types of cells at an approximately equal number in the nervous systems:
Neurons and glia, which both are subdivided into many different types. While neurons sense,
communicate and command, glia cells support and nourish them [42].

Axon terminals
Nuclei

Figure 2.1.: Fluorescent image of stained neurons (green), nuclei (blue) and synapses (red-orange) shows that the dendrites of
neurons contain a high number of synapses [42].

The neuron is composed of a soma and extensive branching structures, the axons and den-
drites, which enable communication with other neurons (Figure 2.1 and Figure 2.2A). The soma
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contains cell-typical organelles. The nucleus, which is 5-10 pm thick, contains chromosomes with
deoxyribonucleic acid (DNA). The endoplasmic reticulum and golgi apparatus are primarily re-
sponsible for protein synthesis and storage. Mitochondria generate energy to power the cells. The
neuronal membrane serves to separate the neuron from the external environment, and contains
protein pumps and pores that facilitate the exchange of substances between the two environ-
ments. Nevertheless, it is the axon, a distinctive and highly specialized neuronal structure, that
distinguishes the neuron from other cells. Axons branch to facilitate communication with other cells
and can extend to lengths exceeding 1 m. Their starts are called axon hillock, where an action
potential (AP) is generated, and their ends are the axon terminals where a synapse connects to
the subsequent cell [42].
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Figure 2.2.: The neuron (A), action potential (B) and chemical synapse (C) (adapted from [42][43]).

Action potentials are initiated when a sufficient stimulus causes membrane potential (V;,,) of an
electrically excitable cell to reach a specific threshold value, typically —55 mV (see Figure 2.2B).
Once the threshold is exceeded, an AP will occur in accordance with the "all or none" law. During
the process of depolarization, the opening of sodium ion (Na™) channels occurs rapidly, resulting
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in an influx of Na*. This influx subsequently triggers the opening of additional sodium voltage-
gated channels. Consequently, V;, is driven above zero until the equilibrium potential of Na*
is reached, resulting in an overshoot. Similarly, potassium ion (KT) channels are stimulated by
depolarization, but open approximately 1 ms later, in conjunction with the closing of Na* channels.
During the following repolarization phase, K * flow out of the cell driving V;,, towards the equilibrium
potential of potassium at -90 mV, resulting in an undershoot. Subsequently, K+ channels close,
Na™ channels reset, and the membrane returns to resting value of resting potential (V) = -70 mV.
The refractory period restricts the upper limit of the firing frequency. During the absolute refractory
period, when the Na™ channels are inactive, a subsequent AP is not possible. During the relative
refractory period, when V;,, < V., larger stimuli are needed to depolarize the membrane [44]. The
exact threshold, amplitude and time course of an AP are influenced not only by the ion channels
and concentrations, but also by the capacitance, resistance and geometry of the cell. Thus, the
shape of an AP, or often also referred to as spike, is highly dependent on the cell-type [45]. In
neurons, the AP travels along the length of an axon to transmit the stimuli to the subsequent cell
[45].

The synapse is defined as a contact structure utilized for the transmission of a chemical or elec-
trical signal from one neuron to another (interneuronal synapses) or to another target cell. Here,
the presynaptic side contacts the postsynaptic side of another neuron’s dendrite or soma. In
chemical synapses (Figure 2.2C), transfer of information (synaptic transmission) between the two
sides (synaptic cleft) occurs through the conversion of electrical impulses into chemical signals.
More specifically, the voltage-gated calcium ion (Ca?t) channel open when an AP reaches the
axon terminal. Ca®* causes the release of neurotransmitters from synaptic vesicles. The neuro-
transmitters then bind to specific protein receptors at the postsynaptic membrane which results in
an inhibitory or excitatory postsynaptic potential. In electrical synapses, the direct transfer of ionic
current is permitted via gap junctions which bridge the cytoplasm of two cells. Electrical synapses
are predominantly located in brain regions where a high level of synchronization between neurons
is observed [42].

2.1.2. The architecture of the nervous system

The nervous system is comprised of neurons that function and communicate in order to enable a
range of essential human processes, including perception, audition, sensation, movement, mem-
ory, and dreaming. It consists of two distinct parts: the central nervous system (CNS), which
encompasses the brain and spinal cord, and the peripheral nervous system (PNS). The latter
refers to the remainder of the nervous system, including the nerves that are under voluntary con-
trol (somatic PNS), such as the somatic motor axons responsible for muscle contraction, and the
autonomic nervous system (visceral PNS), which includes neurons that innervate organs or blood
vessels. The CNS is not in direct contact with the bones, but circumvented by the meninges, a
membrane system that consists of the dura mater, arachnoid membrane and the pia mater. Be-
tween the thin pia mater and the arachnoid, there is the cerebrospinal fluid (CSF) which is a salty
liquid that provides nourishment and protects the brain from mechanical injury [42].

The brain is organized into functionally specific areas, within which the number and types of
neurons vary. The specific interconnection of neurons in each area is responsible for the resulting
functional organization. The brain is composed of four primary sections: the brain stem, which
is connected to the spinal cord and plays a crucial role in processing sensory information and
reflexes; the cerebellum, which primarily modulates muscle movement; the diencephalon, which
contains the thalamus and the hypothalamus; and the cerebrum, which comprises two cerebral
hemispheres and is the largest part of the brain. The thalamus is responsible for processing the

Page 7 of 215



3D neural implants for in vivo applications

majority of information reaching the cerebral cortex from the CNS. In contrast, the hypothalamus
regulates autonomic, endocrine, and visceral functions [43].

A.
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Figure 2.3.: The major lobes (A) and Brodmann’s areas of the cortex (B). A) Lateral (i) and medial (ii) view of the major lobes
of the cortex. B) Brodmann’s division of the human cerebral cortex into 52 discrete functional areas, Nissl stainings of
certain areas are shown (adapted from [43]).

The cerebral cortex is the outer layer of the cerebral hemisphere and is subdivided into four
lobes - frontal, parietal, temporal, and occipital -, which encompass discrete functional subregions
responsible for perception, motor and cognitive functions, memory, and emotion (Figure 2.3A).
While the cerebral cortex on both sides of the brain exhibits general similarities, distinct functional
characteristics are observed in specific regions of the cortex on each side. The neocortex is the
region of the cerebral cortex that is in closest proximity to the surface. The neocortex receives
the majority of its input from the thalamus, as well as from other cortical regions in both hemi-
spheres. Meanwhile, it primarily transmits output to other regions of the neocortex, the thalamus,
and the spinal cord. The input-output relationships in the neocortex are organized through the
neural structure in layers and columns, which increases computational efficiency. The majority of
the neocortex contains six layers, with clearly defined input and output paths. These layers are
numbered from | to VI, commencing at the outer surface (pia mater) of the cortex and continuing
towards the white matter. Layer | (molecular layer) is primary composed of dentrites and axons.
The majority of cells in layer Il (external granule layer) and Il (external pyramidal layer) are small
pyramidal cells which primary communicate intracortically. In contrast, the small spherical neurons
of layer IV (internal granule layer) receive the majority of sensory information from the thalamus.
The pyramidal cells of layer V (internal pyramidal layer) contain large pyramidal cells which mainly
output to other cortical layers and subcortical structures. Layer VI (multiform layer) contains mostly
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axons to and from cortical areas. While the layers are distinguished by their specific cell types and
densities, their dendrites extend to neighboring layers, influencing the inputs received from these
regions. The thicknesses of individual layers and the specifics of their structural organization
demonstrate variability throughout the cortex. Figure 2.3B illustrates Nissl| stainings that elucidate
the variations in the layered structure of the cortex across different cortical areas. A number of
regions delineated by Brodmann have been identified as regulators of discrete cerebral functions
(Figure 2.3B). This framework remains a prominent topic in contemporary neuroscience and is
subject to ongoing refinement [42][43].

Neural systems are composed of multiple anatomical structures distributed throughout the
brain, which operate in a cooperative manner. The CNS is comprised of multiple neural systems,
including those responsible for sensory perception, motor control, and language processing,
which operate independently. Neural systems are hierarchically organized, with primary sensory
areas conveying information to higher-order areas. Neurons in these areas selectively encode
specific information, thereby representing complex information. The arrangement of the hierarchy
is topographical, whereby inputs from neighboring peripheral receptive surfaces are projected to
the cortex. Typically, sensory information crosses to the contralateral side of the body on its way
to the cerebral cortex. Consequently, each hemisphere is primarily concerned with sensory and
motor processes from the contralateral side of the body. The following sections will provide a
detailed description of two neural systems: the visual and somatosensory system [42].

2.1.3. The visual system

Sight is one of the most crucial senses for humans and animals alike, enabling to navigate the
surroundings. The visual system is comprised of two primary components: the optical part of the
eye (Figure 2.4A), which picks up light, focuses an image and is often compared to a camera, and
the neurological segment, which commences at the retina (Figure 2.4B), where photoreceptor cells
transform light into electrochemical signals and pass the preprocessed information on following the
visual pathway (Figure 2.4C) to the visual cortex of the brain via the optic nerve [45].

The eyeball

The eyeball (Figure 2.4A) is located in the bony orbit and is moved by six external eye muscles,
e. g. the lateral and medical rectus. The cooperative task of the cornea, iris, and lens is to focus
on an image. More specifically, light is refracted by the lens and cornea to a focal point (fovea
centralis in the middle of the macula lutea) on the back of the eye, the retinal surface. Zonular
fibers tense and ciliary muscles relax to flatten the lens which sharpens the vision for far vision
while the opposite muscle behavior rounds the shape of the lens for near vision. Additionally, the
aperture is constrained by intraocular muscles of the iris narrowing and enlarging the pupil, which
regulates the light intensity. The light then passes unobstructed through the agueous humor in the
anterior chamber and the vitreous body in the posterior chamber eventually arriving at the target
destination within the retina: the light-sensitive photoreceptor cells where light is converted into
electrochemical signals [46]. The aqueous humor, which is secreted by the ciliary epithelium in the
ciliary body and drained in the canal of Schlemm, helps to keep the eye’s pressure. A disruption
of the drainage system can result in elevated intraocular pressure, which can subsequently lead
to the development of glaucoma. This condition can cause damage to the axons of the ganglion
cells and the optic nerve [45]. The optic disc is the blind spot of the eye where the optic nerve and
the central retinal artery, which runs inferior the optic nerve, exit the eyeball [46].
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Figure 2.4.: Schematic of the visual system. A) Structure of the eyeball (adapted from [46]). B) The visual pathway [47]. C)
Structure of the retina (adapted from [47]).

The retina

The retina (Figure 2.4C), an around 200 um thick layered neural structure, acts as the first neu-
rological segment in the visual pathway and is thereby a component of the central nervous sys-
tem (CNS) which preprocesses visual information. It is composed of five main cell types: photore-
ceptors for converting light into electrochemical signals and four other types of neurons to process
the information (ganglion, bipolar, horizontal and amacrine cells). The human eye contains about
100 x 10° photoreceptors while there are only 1 x 10° ganglion cells, which generate the output of
the retina with their axons that combine to form the optic nerve. This implies that a high level of
convergence of information must be handled. This is primarily accomplished by bipolar cells in the
inner nuclear layer (INL) through direct radial connections between photoreceptors and ganglion
cells, as well as horizontal and amacrine cells, which spread mainly in a horizontal direction. More
specifically, horizontal cells establish connections between photoreceptors and bipolar cells within
the outer plexiform layer (OPL), while amacrine cells facilitate connections between bipolar and
ganglion cells within the inner plexiform layer (IPL).The thin and dense nature of the retina results
in short distances between neurons, with potentials propagating through a cascade of chemical
and electrical events. When the signal reaches the ganglion cells, a AP is formed when a thresh-
old is reached to fasten the visual information spread along their axons to the thalamus. In fact,
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the retina is far more complex than this description suggests. For instance, each of the four neu-
rons can be differentiated into 10 to 20 subtypes with different physiological and morphological
characteristics [45].

The photoreceptors are located at the outer surface of the retina in the photoreceptor layer (PL)
which is in close proximity to the retinal pigment epithelium (RPE) (see Figure 2.4C). Thus, light
must first pass through all retinal layers before reaching the photoreceptors that are responsible
for the phototransduction process, which comprises a sequence of chemical and electrical pro-
cesses to create a response to light. There are two main types of photoreceptors: the rods and
cones, which have a ratio of approximately 16:1. The human retina contains one type of rod for
monochromatic dark-adapted vision, while there are three types of cones for color-sensitive vision
in bright conditions (for long (red), middle (green), and short (blue) wavelengths). Additionally, in
the mammalian retina, there is a third type of light-sensitive cells, the intrinsically photosensitive
retinal ganglion cells (ipRGC) which also express a photopigment. In the fovea, the photoreceptor
- ganglion cell ratio is relatively low, indicating that the majority of the photoreceptors synapse
with a single bipolar cell, which in turn synapses with a single ganglion cell (small receptive field).
Conversely, in the periphery, the ratio is high, resulting in a large receptive field (see Figure 2.4B).
A large receptive field is associated with low resolution but high sensitivity, while a small receptive
field is associated with the opposite characteristics. In the fovea, there are only cones while there
are few toward the periphery where the density of rods increases. Rods and cones are elongated
cells composed of a synaptic terminal, an inner and an outer segment. The inner segment regu-
lates the metabolism and the membrane potential, which is passed on by the synaptic terminal to
postsynaptic neurons via the release of neurotransmitters (here: glutamate). The outer segment
of the rods is the light-sensitive region and holds approximately 1,000 disks, which are invagi-
nations of the membrane that increase the surface area. Similar membrane folds are present
within the cones. The membrane folds contain rhodopsin in rods and related molecules in cones
which are the photopigments that are activated by photons hitting the retina. Similar to other sen-
sory receptors, photoreceptors use electrical events (receptor potentials) to carry a signal from
the outer segment to their synapse because chemical messengers are too slow. When photons
are absorbed, cation channels in the outer segment close decreasing the conductance of the cell
membrane. Concurrently, K+ channel in the inner segment remain open allowing the outward
flow of K. This leads to hyperpolarization of the cell (membrane potential (V},,) < resting poten-
tial (Veq)) which scales with light intensity. Thus, a flash of light causes a decrease in glutamate
release from the synapse to the postsynaptic neuron. On the contrary, photoreceptors depolarize
and release more glutamate in dark conditions [42][45].

The ON and OFF pathway is an example for parallel information processing, a critical compo-
nent of visual reception, as it facilitates fast and efficient processing of information from multiple
environmental features. Information is divided into pathways such as the ON/OFF pathway, which
originates at the ON/OFF bipolar cells that synapse with the photoreceptors. The OFF bipolar
cells contain ionotropic glutamate receptors which depolarize when glutamate is released during
dark condition. On the contrary, the ON bipolar cells hyperpolarize following glutamate binding
via their metabotropic glutamate receptors [48]. The bipolar cells then directly synapse with the
ganglion cells. Here, the ON and OFF reactions are transferred to 15 - 20 types of ganglion cells.
The exact number depends on the means of classification and is discussed controversially [49].
However, retinal ganglion cells (RGC)s can mainly be divided into ON, OFF and ON-OFF cells,
which are activated similarly to the bipolar cells with light increase, decrease or both, respectively
[48][50]. Within those types there are sustained responses with regular spiking activity as well as
transient responses with spiking activity at the ON and OFF set of the stimuli (Figure 2.5A). The
RGC outputs are the result of integrated excitatory input from bipolar cells as well as inhibitory
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input from amacrine and horizontal cells [50]. Many of the RGCs have center-surround receptive
fields, which can be simulated by two overlaying Gaussian functions with opposite effects (Figure
2.5B;). The small center originates from the bipolar cell input, while the larger surround properties
are defined by the horizontal and amacrine cells. The resulting receptive field then depends on
the size and location of the stimulus [50]. An example is shown in Figure 2.5B;;, where a ganglion
cell with ON center and OFF surround reacts with an increase in spiking activity when the center
is hit by the stimulus. On the contrary, the spiking frequency decreases when the stimulus hits the
OFF surround. The ON and OFF signals then start to combine in the brain following the visual
pathway (Figure 2.4B) [42][48][51].
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Figure 2.5.: Characteristics of ganglion cell responses. A) Response characteristics from ON, OFF and ON-OFF sustained and
transient ganglion cells (adapted from [50]). B) Center surround receptive fields. The resulting receptive field results from
an excitatory and an inhibitory response (i, adapted from [50]) depending on the center and surround characteristics (ii,
adapted from [51]).

The central visual system

A total of 1.5 million axons of the RGCs collectively form the optic nerve, which exits the retina at
the blind spot. In comparison to the 120 million photoreceptors, the information has undergone
a significant convergence. At the optic chiasm, the two optic nerves from both eyes intermingle
and are sorted into two optic tracts. Approximately 50% of the axons cross to the contralateral
hemisphere. Consequently, the optic tracts contain information from the contralateral visual field
(Figure 2.4B). In the optic nerve, the topography is retained, with a retinotrophic map projected
to the lateral geniculate nucleus (LGN) of the thalamus, where the majority of axons terminate
[42][51].

The LGN is divided into six layers, labeled from 1 to 6 in a ventral to dorsal sequence. In
layer 1 and 2 (magnocellular layers), which are populated by large neurons, large RGC terminate
corresponding to large receptive fields, that are sensitive to contrasts and movements. In contrast,
layer 3 and 6 (parvocellular layers) contain small cells, which respond to small receptive fields with
low contrast sensitivity. The axons from the contralateral eye terminate in layers 1, 4, and 6,
while those from the ipsilateral eye terminate in layers 2, 3, and 5. The retinotropic structure is
again maintained through the projection of the LGN to the primary visual cortex (V1) via the optic
radiation. Additionally, the LGN receives input from the other parts of the thalamus and the brain
stem as well as feedback from the V1 [42][51].
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The primary visual cortex is located in the occipital lobe and it is the first cortical area where
visual information is converged. V1 contains a wide variety of cells, mainly pyramidal and spiny
stellate cells, which are organized in layers | to VI (dorsal to ventral) like other cortical areas
(Figure 2.3B). However, layer 1V is typically subdivided into IVA, IVB, IVC«a and IVCS due to its
complexity and high population of neurons. Spiny stellate cells, which generally connect locally
within V1, are primarly contained in IVC, whereas outside of IVC there are mostly pyramidal cells,
which output to other parts of the brain. Within the V1, the retinotopic organization is preserved
by the organization of neurons into columns, whereby neighboring cells in V1 exhibit receptive
fields that correspond to adjacent portions of the visual field. Columns depend on the ocular
dominance as well as on the orientation preference of the cells. The inputs of ocular-dominance-
columns arise from different layers of the LGN. The projections from LGN to V1 are illustrated in
Figure 2.6A. Magnocellular LGN neurons project primarily to layer IVCc«, and parvocellular LGN
neurons project to layer IVC3. Additionally, alternating layers of LGN receive input from retinal
ganglion cells located in either the ipsilateral or contralateral retina, which is conserved in the
inputs from LGN to V1. From IVC stellate cells project axons radial to layers IVB and lll. Due to
the alternating input of the ipsilateral and contralateral eye in IVC from the respective layers and
the radial projection, the neurons are organized into alternating bands either dominated by the left
or the right eye. A computational model of V1 is illustrated in Figure 2.6B. It shows that neurons
with orientation selectivity are additionally grouped into columns. Here, the neurons of V1 of the
same column respond to elongated bars of light where the orientation of that bar is crucial. The
orientation and ocular dominance columns are arranged in a criss-cross pattern across the cortical
surface. Alongside the columns are blobs, which are associated with color-selective neurons and
contain fewer orientation-selective cells. Thus, blobs convey information from surfaces rather than
edges. The columnar organization of V1 increases the speed of information processing due to
the short distance between neurons of similar function, where they can share inputs. Thereby,
the absolute number of neurons needed to extract certain features from the visual information is
minimal [42][43][51].

A B
[IContralateral

Optic tract Mipsilateral

LGN
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Parvocellular pathway Orientation

columns
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Magnocellular pathway Ocular dominance columns

Orientation
Preference

——// AN

Figure 2.6.: Projections from the LGN to V1 (A) and a computational model of V1 (B). A) The LGN is a laminated structure
comprising four parvocellular layers (layers 3 to 6) and two magnocellular layers (layers 1 and 2). The contralateral eye
projects to layers 1, 4, and 6, whereas the ipsilateral eye sends input to layers 2, 3, and 5. The parvocellular and mag-
nocellular inputs to the primary visual cortex are received in discrete sublayers. The parvocellular layers project to layer
IVC3, while the magnocellular layers project to layer IVCa. Moreover, the afferents from the ipsilateral and contralateral
layers of the LGN are segregated into alternating columns of ocular dominance. B) This cortical computational module
represents a piece of cortical tissue, 1 mm in diameter. It contains an orientation hypercolumn, a cycle of left- and right-
eye ocular-dominance columns, and blobs with interblobs. This module is repeated hundreds of times to cover the visual
field (adapted from [43]).
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Beyond V1 distinct cortical regions engage in parallel processing of selective visual attributes.
The specific contribution of these areas to visual processing remains unclear. Nevertheless, two
principal large-scale cortical pathways of information processing have been identified: The dorsal
and the ventral stream. The first pathway extends dorsally to the parietal lobe and is primarily
engaged in motion processing, whereas the latter pathway extends to the temporal lobe and is
predominantly involved in recognition and perception. Subsequently, the processed information,
manifested as cortical activity associated with orientation, movement, color, and object location,
must be synthesized. High-level visual processing entails the integration of information, incorpo-
rating emotional and memory-related factors, to identify meaningful attributes, thereby facilitating
a unified perception of the environment. Consequently, the complex task of object perception is a
combination of vision and cognition [43].

2.1.4. The somatosensory system

The somatosensory system enables the human body to perceive a range of internal and external
stimuli, including touch, pain, temperature, and pressure. In contrast to other sensory systems,
the receptors are distributed throughout the body, rather than concentrated at specialized locations
such as the retina or the cochlea. Moreover, the somatosensory system is capable of responding
to a multitude of stimuli, which can be further classified into a greater number of categories. Among
these, pain is the sensation that is triggered by nociceptors when stimuli reach a threshold level
that can damage the tissue. Furthermore, itch shares certain characteristics with pain caused
by histamine receptors. Thermal sensation is the result of a discrepancy between the external
temperature and the temperature registered by thermal receptors, which are sensitive to cold,
cool, warm, and hot temperatures. Mechanoreceptors in muscles and joints provide information
about the body’s posture and movements, which is crucial for motor control. Visceral receptors
regulate essential survival behaviors, such as breathing, hunger, and thirst, by sensing the status
of internal organs. The following sections will examine the sensation of touch in greater detail as
an exemplary process within the somatosensory system [42][43].

Mechanoreceptors and the sense of touch

Mechanoreceptors are capable of detecting physical deformation of the tissue in which they are
located. The receptor protein is deformed by mechanical stimulation, which results in lipid tension
and consequently in the opening of stretch-sensitive ion channels. Consequently, an increase in
the flow of Na™ and Ca?* then results in the depolarization of the receptor neuron. In other types
of mechanoreceptors, channels are activated by structural proteins that are linked to the channels
themselves, or by proteins that link to a second messenger and thereby act as force sensors in
the tissue membrane. In total, human skin hosts eight types of mechanoreceptors, four of which
are found in the hands and feet. The combined synthesized information from these receptors
contributes to the perception of touch. The specific manner in which each individual receptor
responds is distinctive and determined by a number of factors, including its morphology, the pattern
of innervation to which it is sensitive, and its depth within the skin. Accordingly, they can be
innervated by either slowly adapting (SA) or rapidly adapting (RA) fibers. The former is responsible
for detecting skin deformation and pressure, while the latter is involved in the perception of motion
and vibration. Individual mechanoreceptor fibers transmit data from a restricted portion of the
skin known as the receptive field. Furthermore, the mechanoreceptors are distinguished by the
characteristics of their receptive fields. The rapidly (RA1, Meisser corpuscles) and slowly (SA1,
Merkel cells) adapting fibers of type 1 have small receptive fields with high sensitivity and are
located in the superficial layers of the skin (Figure 2.7A;). In contrast, the type 2 fibers - RA2
(Pascinian corpuscle) and SA2 (Ruffini ending) - correspond to large receptive fields and are
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found in deeper layers (Figure 2.7A;;) [42][43].

A Receptive fields in the human hand B Columnar organization of the somatosensory cortex
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Figure 2.7.: A) Receptive fields in the human hand are colored indicating the receptive fields of respective mechanoreceptors. The
receptive fields in the superficial layers (i) are small patches, while the ones of mechanoreceptors in deeper layers (ii)
emcompass wider regions (light patches) with strongest responses directly over the receptors (dark patches). SA2 fibers
are activated by stretching the skin, which is indicated by arrows. The pressure sensitivity of the receptive fields depends
on the underlying receptor. The receptive field of an RA1 fibers (i) has a high amount of high sensitivity areas (dark
spots), which indicate the positions of the small Meissner corpuscles. On the contrary, the receptive field of RA2 (ii) has
a single high sensitive region close to the position of the large Pascinian corpuscle. SA1 and SA2 fibers possess similar
receptive fields according to RA1 and RA2 (adapted from [43]). B) Columnar organization of the somatosensory
cortex, where each column receives input from the respective part of the body (here from slowly and rapidly adapting
fibers in the fingers D2 - D5). The projections of the layers of the somatosensory cortex are indicated, where each layer
sends or receives information to or from other areas of the brain (adapted from [43]).

The central touch system

The central touch system is composed of the dorsal column tracts which belong to the spinal cord,
as well as parts of the brain stem, thalamus and cerebral cortex. Thus, when tactile information
reaches the primary somatosensory cortex (S1), the information delivered by the neurons was
already synthesized by the preceding stages.

The primary somatosensory cortex (S1) stretches out through four Brodmann’s areas (1, 2, 3a
and 3b), which are interconnected to enable serial and parallel processing of somatosensory infor-
mation. In S1, the cortical neurons have larger receptive fields in comparison to the mechanore-
ceptive fibers. To illustrate, the type 1 fibers in the fingertips are tiny regions, whereas the cortical
neurons in S1 that receive those inputs each encompass areas exceeding that of an entire finger-
tip. Thus, the overall organization of S1 areas reflects the functional significance of different body
regions in the perception of touch. Furthermore, the receptive fields in S1 are characteristically
composed of excitatory zones circumscribed by inhibitory zones, which guarantee that only mean-
ingful information is conveyed by suppressing irrelevant stimuli. Similar to V1, S1 is organized in
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vertical columns, each of which encompasses all six cortical layers (Figure 2.7B). The neurons in
a column typically engage in the processing of a singular subtype of sensory information, such as
pressure or vibration, depending on the pathway that originated from the respective mechanore-
ceptive fibers. Like that, a complete somatotopic representation of the body is contained in the
column structure in each of the four areas of S1. The most apparent indication of the columns is
observed in the stellate cells of layer IV, which project vertically towards other layers. Similarly, as
with other cortical areas, layers Il and Ill connect neurons in neighboring columns to facilitate the
transfer of information. Layer V projects to subcortical structures, while layer VI neurons provide
input to the thalamus. Moreover, the feedback pathway in layer | of each column is involved in the
selection of sensory information for cognitive processing and memory. Following the initial pro-
cessing of somatosensory information in S1, this information is then forwarded in parallel from the
four aforementioned areas to higher levels within the cortex, including the somatosensory cortex
(S2), the posterior parietal cortex, and the primary motor cortex [42][43].

2.1.5. Neurological disorders

The nervous system is susceptible to a range of conditions that can affect its functionality through-
out the lifespan. These include disruptions in brain growth, damage to the brain, spinal cord,
or peripheral nerves, and impairment of various functions, including cognition, sensory percep-
tion, socioemotional processes, and motor abilities and behaviors. It is estimated that globally,
over one-third of the population is affected by neurological conditions, which represent the leading
cause of iliness and disability [1]. The present study analyzed retinal degeneration and provoked
epileptic-like activity. The following section will provide an explanation of these conditions.

Retinal degenerative diseases

Retinal degenerative diseases, such as retinitis pigmentosa (RP) and age-related macular degen-
eration (AMD), result in blindness and affect millions of individuals globally. The aforementioned
diseases result in not only the loss of photoreceptors but also a remodeling process of the retinal
structures due to the absence of signal inputs. In late stages, phenomena include glial hypertro-
phy, neuronal translocations, loss of neurons, and alteration of retinal circuits with the formation
of new synaptically active neuronal connections. These effects present a significant challenge for
the successful development of retinal prostheses, as the disease alters normal visual information
processing [52].

Age-related macular degeneration (AMD) primarily affects the elderly and is the third leading
cause of blindness worldwide. The following factors have been identified as potential contributors
to the development of AMD: smoking, cardiovascular disorders, genetics, and certain nutritional
deficiencies. Diagnosis is accomplished through a combination of clinical examination and imaging
techniques, including retinal photography, angiography, and optical coherence tomography. AMD
impairs central vision by causing pathological alterations to the macula. The disease can be
classified into two distinct categories. Dry AMD is distinguished by a deficiency of serum or blood
leakage, which results in blurred vision and, in severe cases, the formation of a disciform scar.
Dry AMD may evolve into wet AMD, a condition marked by the expansion of abnormal blood
vessels that can trigger bleeding and thereby significant vision loss [53]. Currently, there is a
lack of evidence-based treatments for dry AMD, whereas for wet AMD, repeated injections of
anti-vascular endothelial growth factor (VEGF) agents are employed [54].

Retinitis pigmentosa (RP) represents the primary cause of visual impairment and blindness
among patients under the age of 60. Typically, RP commences with a loss of night vision, which
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is then followed by a decline in peripheral vision and, in more advanced stages, a complete loss
of central vision. The loss of night vision is attributed to the injury or death of rods. This may be a
consequence of gene mutations, which can result in the destabilization of the rod outer segment
or an increased vulnerability to oxygen toxicity. Rod degeneration then affects the death of cones.
Subsequently, degeneration of the rods results in the death of the cones. This can be attributed
to a number of factors, including a reduction in cell density and an elevated level of oxygen, which
can result in oxidative stress. Another potential cause is the formation of microglia due to rod
death, which can trigger a pro-inflammatory response and consequently lead to the degradation
of cones. This sequence of cell death culminates in the loss of central and color vision in later
stages. Currently, RP is regarded as an incurable disease, with therapeutic interventions primarily
aimed at managing complications and addressing the psychosocial impact of the condition [55].

Epilepsy

Epilepsy is one of the most prevalent neurological disorders globally, affecting an estimated 50
million individuals of all ages [56]. The pathological condition is defined by the spontaneous oc-
currence of seizures, which are caused by abnormal electrical activity and result in a range of
neurobiological, cognitive, psychological, and social consequences [22]. This increases the likeli-
hood of disability, social isolation, psychiatric comorbidities, and premature mortality in individuals
with epilepsy. Despite ongoing advances in anti-seizure medications, approximately one-third of
patients continue to experience drug-resistant epilepsy [57]. As an alternative, patients may un-
dergo surgical intervention to remove the portion of the brain responsible for the seizures. The
seizure may originate in a single hemisphere of the brain, in both hemispheres, or remain uniden-
tified [22]. Consequently, not all patients are suitable candidates for surgical intervention if the
seizure onset is poorly localized or in regions with a high risk of neurological deficits. Another
alternative is neurostimulation, such as DBS, which is considered a safe and effective therapy for
the treatment of drug-resistant epilepsy [57]. Nevertheless, the spatial and temporal scales that
delineate the fundamental pathological process remain insufficiently defined [58].

2.2. Neural interfaces

The application of MEAs allows for interfacing with the neural system, thereby performing as a
neural prosthesis - an artificial device which aims to partly replace or repair function of a damaged
neural system [59]. A neural prosthesis comprises a substrate with embedded microelectrodes
and associated hardware, including amplifiers, filters, a digitizer, data transmission, and a stimu-
lator [60]. The presence of a conductive extracellular volume enables the formation of an electric
field induced by the neural signal origins, thus enabling the recording and stimulation processes
[60]. The following sections provide an overview of the different types of neural implants and
their applications. Subsequently, the fundamental principles of electrophysiological recordings
and stimulation with neural implants, as well as the key considerations and requirements for im-
plantable MEAs, are presented. Additionally, an in-depth analysis of the state of the art in 3D BMIs
and retinal implants in clinical trials is provided.

2.2.1. Types and applications overview of neural interfaces

In recent years, neural prostheses have emerged as a promising technology for diagnosing and
treating a range of diseases, including neurological disorders, degenerative conditions, and sen-
sory and motor injuries [61]. The scope of potential applications is vast (see Figure 2.8A), en-
compassing implants in the PNS, such as those used for the vagal nerve or peripheral nerves, as
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well as implants for sensory loss, such as retina or cochlear implants. Additionally, there are im-
plants in the CNS, including penetrating and surface implants for the brain, as well as spinal cord
implants. Consequently, in addition to the growth in neuroscientific research, there has been a cor-
responding increase in the number of clinical studies and commercially available devices. Among
the most commercially available implants are the widely utilized cochlear implants, which have
been implanted in over one million patients, and DBS, which has emerged as a highly accepted
therapeutic approach for neurological disorders in recent years. Moreover, retinal implants are
currently being tested by a number of companies [62] (Further discussion in section 2.2.6). In ad-
dition, several start-ups, including Neurosoft Bioelectronics, CorTec, and InBrain, are developing
soft brain implants for the surface of the cortex to record electrocorticograms with high resolution
(ECoG electrodes). Another target are peripheral nerve electrodes, which can either be cuffs or
penetrating devices. The commercialization of these devices has also commenced, with CorTec
for the former and Sensars for the latter.

A Applications of neural interfaces B Types of Neural interfaces
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Figure 2.8.: Applications (A) and types (B) of neural interfaces A) The application of neural interfaces reaches from flexible ECoG
arrays paddle electrodes and retinal implants to widely used cochlear implants and devices for DBS (modified from [63]).
B) Neural implants differ by their level of invasiveness. Here, EEG electrodes are used directly on the skin (non-invasive),
while HECoGs are placed directly on the surface of the brain (image a). Another category is penetrating electrodes, such
as needle-like electrode arrays (b), single shank devices (c) or meshes (d) (modified from [64]).

Similarly, the range of different types of neural implants is vast (see Figure 2.8B). MEAs rep-
resent a fundamental component of neural interfaces, in addition to an electronic interface and
signal processing unit. MEAs facilitate the transmission of electrical pulses to stimulate the tar-
geted neural tissue, and enable the detection of changes in current, impedance, and potential
as a result of the nervous system’s physiological response. The flexibility and rigidity of MEAs
are dependent on the material used as their substrate. The selection of materials for microelec-
trodes is a critical determinant of their electrochemical performance and durability [18][19]. Most
commonly noble metal, such as Au, platinum (Pt) and iridium (Ir), along with alloys including
Ptlr and iridium oxide (IrOx), or conductive polymers, such as poly(3,4-ethylenedioxythiophene):
poly(4-styrenesulfonate) (PEDOT:PSS), are used as electrode material or coating [65]. The micro-
electrodes can be arranged in a grid configuration, thereby covering the surface of neural tissue.
Notable examples include electrocorticography (ECoG) arrays for the cortex [20][58][66][67] and
paddle electrodes implanted into the spinal cord [15]. In the case of peripheral nerves, soft cuff
devices are employed as a means of circumventing them [68][69][70]. It should be noted, how-
ever, that these examples are limited to the surface of neural tissue. To gain further insight into
the defining characteristics of the underlying pathological dysfunctions, it may be necessary to
conduct studies at deeper neural layer levels. For example, there is a lack of knowledge regarding
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the mechanisms of seizure spread and onset in deeper layers of epileptic patients [22] and the re-
modeling of retinal layers following photoreceptor loss [23]. Consequently, penetrating electrodes
are employed, which can stimulate and record from deeper neural layers, thus facilitating the ac-
quisition of data at the single-neuron level and enhancing the comprehension of neural networks.
These devices encompass a range of designs, including stiff and flexible single-shank devices
with multiple electrodes and meshes of electrodes, as well as fully 3D devices that simultaneously
cover the surface and the layered neural structure. As the development of flexible 3D neural in-
terfaces is the objective of this study, the state-of-the-art of such devices is discussed in section
2.2.5.

Itis evident that an increase in the invasiveness of the implants or the level of difficulty in accessing
the surgical site will inevitably lead to a higher probability of complications. This, in turn, presents
a significant challenge in translating the technology from scientific investigations conducted using
animal models to human trials. Consequently, for numerous applications, there is a need for re-
liable surgical techniques and long-term stable solutions for functional BMIs [71]. It is crucial to
consider biocompatibility and long-term stability for the next generation of neural implants with the
choice of material and electronic design being one of the most important factors [72].

2.2.2. Electrophysiological recordings and stimulation with neural interfaces

The simplest setup consists of a working electrode (WE), which is the electrode of interest, and a
counter electrode (CE) to complete the electric circuit and force electric current to pass between
them. For electrical potential measurements, a third reference electrode (RE) is useful to define a
reference potential [73].

Electrode-electrolyte interface

When a metallic electrode gets in contact with electrolyte, an interfacial region - the electric double
layer (EDL) - is formed. At the metal side, the charge carriers are electrons, while in the electrolyte,
such as extracellular fluid, there are ions (KT, Na™, and chloride ion (C17)) close to the electrode
surface. The EDL affects electrochemical measurements and its properties depend on several
parameters, such as the electrolyte’s and electrode’s material properties and the temperature.
The concept was initially introduced by Helmholtz in 1879, wherein he proposed the existence of
a compact layer of ions in direct contact with a charged metal surface. Gouy and Chapman built
upon the initial description of the EDL by proposing that the accumulation of ions reaches a certain
extent from the solid surface, a phenomenon attributed to the Boltzmann distribution. Stern then
proposed that the EDL comprises a rigid Helmholtz layer and a diffuse one as proposed by Gouy
and Chapman. Subsequent developments by Graham regarding the adsorption of particular ions
on the metal surface and the characteristics of the solvent described by Parsons and Bockris serve
to illustrate the complexity of the EDL [73][74][75]. In a simplified model (Figure 2.9A;), adsorbed
water molecules on the electrode surface orient themselves towards the negative-charged metal
surface and thereby form a hydration layer. However, some ions penetrate the hydration layer
and adhere to the electrode, which thereby form the (inner Helmholtz layer (IHL)). Outside of that
layer, ions in the electrolyte form a charged layer parallel to the electrode’s surface outer Helmholtz
layer (OHL). In an increasing distance from the surface, their distribution is diffuse and called the
Gouy-Champman layer. The charge distribution at the EDL may thereby be summarized by series
of three capacitors (Figure 2.9A;;), each describing the charge distribution of the three layers.
Additionally, there is a charge transfer resistor R, (Figure 2.9A;;;), which is connected in parallel
[74][78].
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Figure 2.9.: Schematic of the electrode-electrolyte-interface (A) and the neuron-to-electrode junction as well as equivalent
circuits (B). A) Schematic illustration of the electrode-electrolyte-interface (i), a series of capacitors models the charge
distribution of each layer (ii), the equivalent electric circuit of the electrode-electrolyte-interface consists of the charge-
transfer resistor R. and the double-layer capacitor C. (adapted from [76]) B) The cell body of a neuron (depicted in
blue) is situated on a sensing electrode (shown in gold). The electrode is linked to an amplifier. A cleft, filled with an
electrolyte solution (e.g., culturing media), is situated between the cell membrane and the electrode—substrate interface.
The neuronal plasma membrane is subdivided into two distinct regions. The junctional membrane that faces the electrode
(depicted in blue) is represented by the junctional membrane resistance (R;) and the junctional membrane conductance
(C;). The remaining portion of the membrane, designated as the non-junctional membrane (violet), is represented by
the non-junctional resistance (R,.;) and the non-junctional capacitance (C,,;). The solution within the cleft generates the
seal resistance (Rsqq1), Which is in turn connected to the ground. The impedance of the electrode is represented by the
electrode resistance (R.) and capacitance (C.) (adapted from [77]).

Neural recordings

At the neuron-to-electrode junction (illustrated in Figure 2.9B), there is a passive electrical circuit
in the cleft which couples the biological membrane to the recording electrode and thereby enables
neural recordings. The cleft is filled with ionic solution, the extracellular fluid, and creates a resis-
tance R,..;, which directly influences the distribution of charge across the passive metal electrode.
Rsear is mainly characterized by the size of the cleft by

Rgear = % -0 (21)
where p; is the resistivity of the electrolyte, d is the distance between neuron and electrode. § is a
factor defining the overlap of the neuron’s Ay and electrode’s A membrane area
g‘—g for Ay < Ag 22)
1 for AN > AE
The neuron is divided into a junctional membrane facing the electrode and a non-junctional mem-
brane. Action potentials and synaptic potentials produce complex current flows between mem-
brane compartments and extracellular fluid. The fraction of current flow that thereby passes be-
tween the junctional and non-junctional membrane is here described by the resistance R; (or R,;)
and capacitance C; (or C,,;) of a membrane patch. Finally, the electrode-to-electrolyte interface is
modeled by a resistive-capacitive parallel circuit derived from the description of the EDL (section
2.2.2) [76][77]. This simplified model shows how microelectrodes can detect potential changes
in the extracellular field which are caused by ionic processes of nearby cells. Here, the detected
potential mainly depends on the magnitude and sign of current flow as well as on the distance to
the recording site [60].

The term "spike" is used to describe a signal generated by a putative AP. In intracellular record-
ings, APs are detected by direct access to the neuron, for example, using patch-clamp techniques.
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These recordings typically exhibit a first positive peak with high amplitude and a negative volley.
In contrast, extracellularly, APs can be identified when electrodes are placed in close proximity
(approximately 100 micrometers) to the source, for example, around the soma or near the axon
hillock. They are typically identified when surpassing a threshold value after improving the signal-
to-noise ratio (SNR) by filtering the raw data with a 300 — 3000 Hz [60] or 100 - 3000 Hz bandpass
[78]. Timed spiking activity can be classified as either individual neuron activity (single-unit activ-
ity (SUA)) or activity from a local population of neurons (multi-unit activity (MUA)) [60][79].

Local field potentials (LFPs) are assessed in the low-frequency band (less than 300 Hz). They
reflect subthreshold and spiking activities that are summed up over a larger population of neu-
rons and usually do not display discernible spikes. The relationship between spikes and LFPs is
currently under discussion. However, it is believed that synchronized APs can contribute to the
generation of LFPs [60][79].

Neural stimulation

To excite neurons through electrical stimulation, the delivered current by the stimulating electrode,
the electrical properties of the tissue, as well as the electrochemical processes at the EDL should
be considered [80].

Stimulators are either voltage- or current-controlled. During voltage-controlled stimulation,
the impedance of the entire circuit manipulates the amount of current that flows through the neural
tissue. On contrast, in current-controlled stimulation a defined amount of current is delivered,
regardless of the impedance [80].

The conductivity of neural tissue is not homogeneous but rather exhibits inhomogeneity and
anisotropy. This phenomenon is not solely attributable to anatomical variations between regions,
such as those observed in the cortex and retina, but is also influenced by encapsulating tissue
surrounding the implant. In most computational models, the conductivity is assumed to be ho-
mogeneous and isotropic to facilitate the calculation of generated potentials. However, the actual
conductivity plays a significant role in neural activation [80].

Faradaic and non-Faradaic reactions are the primary mechanisms of charge transfer at the
electrode-electrolyte interface. These reactions are initiated by a forced potential change at the
interface from equilibrium, which then results in electrochemical processes and a subsequent flow
of current. Non-Faradaic reactions do only involve the distribution of charges at the EDL, such as
charging or discharging the double-layer capacitance. In contrast, Faradaic reactions involve an
electron transfer (oxidation-reduction reactions), which might not be reversible and can result in
the release of cytotoxic chemical substances [73][75].

Stimulation parameters should be selected with caution to excite neurons while avoiding any
damage to the neural tissue. A stimulating electrode can be either an anode (positive source) or
a cathode (negative source). The latter is more effective at exciting neurons due to the negative
membrane potential. Moreover, the current stimulation pulses should be charge-balanced. In the
absence of sufficient time for the electrode to discharge, the driving force for irreversible chemi-
cal reactions may be increased, potentially leading to electrode degradation and tissue damage.
Moreover, specific waveform shapes may facilitate selective stimulation of specific neural ele-
ments, such as soma or axon. Furthermore, the threshold current I;;, required to excite a neuron
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increases rapidly with distance r to the electrode. The relationship can be expressed by
Ly (r) = Ip + kr? (2.3)

with the constant I, the minimum current to initiate an AP when r = 0, and the parameter & which
depends on the axon diameter and controls how quickly the threshold increases. In practice, the
stimulation current is often selected well above the threshold, thereby exciting a large population
of neurons in the vicinity of the electrode. However, there is also an upper limit to the stimulation
current, beyond which AP propagation is blocked [80].

2.2.3. Non-invasive electrophysiological testing

Electrophysiologic testing provides objective, quantitative measurements of electrical activity
within the neural system, thereby complementing anatomical analysis and offering enhanced
precision relative to traditional diagnostic methods. These non-invasive diagnostic procedures
allow for earlier detection of potential pathologies, facilitating more precise assessments.
Specifically, electroretinography (ERG), and visual evoked potential (VEP) tests are capable
of detecting subtle alterations in retinal electrical activity, often preceding the manifestation of
observable symptoms or structural changes. These techniques measure large-population-level
cell responses (LFPs). The ERG, recorded at the cornea, represents retinal light responses,
which are mass responses of cells discharging in the retina in response to both light flashes and
changing patterned stimuli. The signal typically consists of an a- and b-wave (Figure 2.10A). The
a-wave is the result of an extracellular radial current, the polarity of which can be explained, at
least in part, by its being the result of the reduction of a constantly flowing photocurrent in the
dark. This reduction is attributed to light absorption in the photoreceptor outer segments and
closure of cation channels. Rod bipolar cells are the source of the b-wave in the dark-adapted
retina. The b-wave manifests with less luminous stimuli than the a-wave, in part due to the
amplification of rod signals by bipolar cells, which arise from the convergence of rod signals onto
bipolar cells. Oscillatory potentials emerge within the inner retina [81][82][83].
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Figure 2.10.: The ERG, EEG and VEP. A) Corneal ERG response recorded from a WT rat. In the dark-adapted retina of a WT rat,
the ERG consists of an a- and b-wave and oscillatory potentials. (i) shows the ERG filtered at 0.1 - 1000 Hz, while (ii)
illustrates the signal filtered between 100 - 1000 Hz to isolate the oscillatory potentials (modified from [81]. B) Alpha
rhythms, spindles and ripples in human (i) and mouse (ii) measured by means of EEG (modified from [42]), C) VEPs in
the mouse using electrodes placed on the skull (modified from [84])

EEG is a well-established procedure that provides insight into the metabolic and electrical sta-
tus of the brain. This technique finds application in diagnostics and monitoring of the human
cognitive system - a field of investigation that encompasses conditions such as epilepsy, impaired
consciousness, and sleep disorders [85]. Typical EEG electrodes are made of silver/silver chlo-
ride (Ag/AgCl). These electrodes are positioned on the subject’s skin, and the addition of saline
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gel is typically employed to enhance the electrical connection between the electrode and the skin.
The strategic placement of these electrodes is contingent upon the specific investigation [86]. The
classification of EEG rhythms is based on their frequency range and denoted by Greek letters.
High-frequency, low-amplitude rhythms are typically associated with levels of alertness or with the
initial stages of sleep. In contrast, low-frequency, high-amplitude rhythms have been observed to
be associated with non-dreaming sleep states, specific drugged states, and coma. For instance,
delta rhythms (< 4 Hz) are frequently characterized by substantial amplitude and are associated
with deep sleep. Conversely, alpha rhythms, ranging from 8 to 13 Hz, are associated with quiet,
waking states. Gamma rhythms, with a frequency range of approximately 30 to 90 Hz, indicate
an active cortex. Further typical rhythms are spindles, brief 8 - 14 Hz waves commonly observed
in sleep, and ripples, which are short oscillations between 80 and 200 Hz. A notable finding is
the high degree of similarity observed in EEGs of various mammalian brains, including those of
mice and humans, despite considerable disparities in brain mass (Figure 2.10B) [87]. In addition
to measuring typical rhythms, EEG can also be used to assess the activity of cells reacting to
different types of stimuli. One example of this application is the use of VEP recordings to evaluate
the integrity of the visual system. VEPs are potentials generated by cells in the visual cortex,
providing a comprehensive assessment that spans from sensory transduction to the visual cortex.
In mice, the implantation of electrodes beneath the skull, directly above the cortex, enables the
recording of VEPs (Figure 2.10C) [84].

2.2.4. Challenges and requirements for invasive neural interfaces

A more comprehensive understanding of brain functions is essential for enhancing the accuracy of
diagnoses and improving the efficacy of treatments for neurological disorders. While researchers
have previously relied on electrodes placed on the skin, such as for electroencephalography (EEG)
and electroretinography (ERG), there is an increasing desire to interact with the neural tissue on
individual cell-level, which can be achieved through the use of densely packed electrode arrays
placed on the surface, or even by penetrating devices to capture activity from deeper neural lay-
ers. Nevertheless, currently established treatments rely on pharmacotherapy or bulky implantable
electrodes, for instance, to identify the source of seizures in epilepsy or to reduce Parkinson’s
syndrome through neuronal stimulation, which is not subtype-specific. In contrast, the large size
of the electrodes typically results in the simultaneous stimulation of the surrounding tissue. Fur-
thermore, the insertion of a synthetic neural probe triggers FBR eliciting immune responses and
glial scar formation (Figure 2.11A;_;;). Acute inflammation will turn into chronic neuroinflamma-
tion which impacts the neural network surrounding the electrodes and results in a decrease in
device performance due to encapsulation (Figure 2.11A;,,). It is therefore necessary to inter-
act with neuronal tissue at meaningful levels of resolution and precision, while ensuring that the
mechanical properties of the neural tissue are respected and that tissue damage is avoided. In
this regard, significant advancements have been made in recent years, with the development of
softer and more flexible materials and micro-scale electrodes. However, the use of soft materials
and micro-scale device dimensions presents a number of additional challenges and trade-offs, in-
cluding considerations related to insertion and surgical approach, electrochemical properties, and
seamless integration. The major challenge in developing neural interfaces is to create a long-term
stable device by selecting design and material parameters which improve biological compliance
by minimizing inflammatory responses [72][88][89][90]. In the following section challenges for
neural implants as well as requirements and failure modes will be discussed. An overview of the
challenges and requirements is provided in Figure 2.11.

FBR occur as a consequence of the implantation of synthetic devices into the body and are
an unavoidable consequence of this procedure. Shear motions between the implants and the
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surrounding tissue have the potential to damage neurons, particularly during the insertion of a
penetrating probe (Figure 2.11A). Following implantation, inflammatory cells, including microglia,
astrocytes, neurons and oligodendrocytes, will be released in response to the mechanical prop-
erties of the surrounding environment. In particular, neurons demonstrate a tendency to prefer-
entially grow and branch in regions of relatively low stiffness, whereas oligodendrocytes exhibit
a preference for areas with a Young’s modulus of approximately 700 Pa. In contrast, microglia
and astrocytes are activated in regions with a Young’s modulus greater than 10 kPa [90]. As a
consequence of the inflammatory response, neurons in the vicinity of the electrode may undergo
necrosis, and reactive microglia and astrocytes drive further neurodegeneration, which can even-
tually result in signal loss. Over week-long implantations, chronic inflammatory responses provoke
the secretion of proinflammatory cytokines and glial fibrin, thereby leading to the accumulation of
glial scars which encapsulate the synthetic device and incorporate neurotoxic substances that
impede tissue regrowth (see Figure 2.11A;, ) [72][91].
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Figure 2.11.: Challenges and requirements for high-performance neural interfaces. A) Acute and chronic tissue reactions may
occur. Dimpling may take place prior to penetration of the neural tissue (i). Damage to the blood-brain barrier may result,
which can lead to implantation-induced injury (ii). Micromotions can further enhance FBR. In chronic implantation, more
microglia encapsulate stiff implants (iv) in comparison to flexible (v) implants due to the tissue-device density mismatch
(according to [boulingreBiohybridNeurallnterfaces2023]). B) Summary of the challenges, requirements and aims for
high performance neural interfaces. C) Challenges influencing the long-term stability of flexible neural probes (modified
from [91]).
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Micromotions have been demonstrated to affect implanted devices (Figure 2.11A;;). These
are minor movements (submicrons to microns) of the device with respect to the neural tissue,
resulting from mechanical interactions between the implant and the tissue, vibrations associated
with body movements, and movements caused by vital activity such as heartbeats, breathing, and
vascular pulses. It has been shown that micromotions can enhance FBR. Therefore, it would be
optimal for implants to be tethered to connectors by flexible cables (electrical coupling), allowing
for unrestricted movement (mechanical decoupling) and greater resilience to micromotions [72].

Electrochemical requirements

The electrochemical properties are affected by the electrode surface, which restricts the
charge transfer. Electrodes are typically characterized by their impedance, the safe charge
injection capacity (CIC), which is the maximal charge per pulse before water splitting occurs, and
the charge storage capacity (CSC), which is the total amount of charge that can be transferred by
the electrode [92]. A smaller surface area results in an elevated impedance, which consequently
leads to a greater energy consumption during electrical stimulation and an increase in noise. Fur-
thermore, the higher current density resulting from the smaller surface area exerts greater stress
on the material, and the probability of electromigration is higher [91]. To study SUA, electrodes
need to be small enough to distinguish spatially close neurons. But, higher impedance reduces
the recording quality, evaluated by the SNR and amount of artifacts. In addition, working with
lower current thresholds may not meet the clinical requirements for recordings and stimulation.
Thus, there is a trade-off between electrode size and electrical performance which might be
overcome by applying surface coatings on the electrode, such as PEDOT:PSS or sputtered
iridium oxide film (SIROF), to effectively improve the electrochemical characteristics [93].

Crosstalk occurs when the electric fields of neighboring electrodes overlap in time and space
during simultaneous stimulation. Crosstalk can lead to complex neural interactions, an overshoot-
ing of the upper limit of stimulation threshold, or damage to electrodes. For neural recordings and
stimulations, a crosstalk > 1% can not be neglected and minimizing crosstalk should be considered
when deciding for electrode geometry and insulation [91].

Mechanical requirements

In addition to the implantation site and the electrochemical properties of the implant, the physi-
cal dimensions and material choices also influence FBR. In the case of surface implants, such
as ECoG electrodes, it is essential to ensure that the mechanical properties are aligned with the
convoluted surface of the brain [90]. In contrast, the lifespan of a penetrating neural implant can
be divided into three main phases, each of which requires a different set of requirements that are,
at times, contradictory. Initially, during the implantation procedure (Figure 2.11A;), the penetrating
implant encounters peak forces during tissue dimpling due to the hyper/viscoelastic properties of
the neural tissue. These forces depend on the speed of insertion, the number and dimensions of
the shanks, and the geometry of their tips. An insertion force of 0.5 - 2 mN is required to penetrate
neural tissue such as the brain or retina. If the insertion force exceeds the critical buckling load
P, of the implant, there is a significant risk of insertion failure due to bending [94].

Subsequently, during the displacement phase (Figure 2.11A;;), the implant traverses the neural tis-
sue to reach the intended position. In this phase, the forces typically increase with depth through
compression and shear during viscoelastic relaxation of the tissue. However, this increase occurs
at a slower rate in comparison to the penetrating phase. The surgical trauma is generally reduced
during this phase by the use of a small feature size for the implant and a carefully selected in-
sertion speed [90]. During the device implantation procedure, evidence of vascular damage was
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observed, including fluid displacement, vessel rupture and incision, and the dragging of blood ves-
sels by the device [95]. The disruption of the blood-brain barrier (BBB) gives rise to local ischemia
and notable alterations in the concentrations of ions and proteins [96]. Injecting ultra-flexible elec-
tronics with a low cross-sectional footprint is a strategy to reduce FBR. However, this results in
smaller critical buckling loads, which can lead to insertion failure. To overcome this challenge, var-
ious strategies have been proposed to facilitate the implantation of ultra-flexible implants. These
include the use of insertion shuttles out of Si [97], using needles [93] or microwires [98][99] at-
tached to the shanks possibly in combination with a "sewing" [31][100] or "mosquito” device [101],
the use of a dissolvable brace made from polyethylene glycol (PEG) [33][102], and the incor-
poration of mechanical adaptable materials, such as hydrogels [103]. Finally, the third phase is
the chronic state of the implant in the neural tissue, wherein it is either tethered or floating (Figure
2.11A;:;). The implant now experiences stress due to micromotions and behavior, which can reach
tens to hundreds of Pascal [96]. During the chronic implantation phase (Figure 2.11A,, ,,), FBR are
less pronounced when the device exhibits mechanical properties that closely align with those of
the surrounding tissue. The term "compliance" refers to the ability of a device to deflect upon axial
forces exerted by the surrounding tissue. Compliance is closely associated with Euler’s formula
and can be achieved through a low effective Young’s modulus, a small cross-sectional footprint,
and a loose fixation to the skull [94]. The bending stiffness K is often used to analyze the me-
chanical characteristics of the tissue-electrode interface. K can be estimated by the product of
the Young’s modulus E and the second moment of inertia 7

K=E-I (2.4)

and describes the resistance of a implant against deflection, which results from longitudinal forces
and displacement [104].

Electrode failure

A variety of factors, including corrosion, delamination, cracking and swelling, have the potential
to impact the electrode material and flexible substrate, thereby influencing the lifespan of neural
implants (Figure 2.11C).

Corrosion of electrode material can be caused by too high or unbalanced charge upon electrical
stimulation. High potentials can lead to water electrolysis, which can alter the local pH. Here, re-
actions involving C1~ can be harmful to the tissue and accelerate electrode-dissolution processes.
Electrolysis also leads to oxygen bubbles at the electrode-electrolyte interface which impacts the
stimulation efficiency negatively and can physically damage the electrode. Additionally, corrosion
is accelerated by inflammation-induced hydrogen peroxide (H203) which changes the local pH
[71][72][91].

Cracking may result from the bending of the material in response to micromotions and the sub-
sequent mechanical stress. This can result in a change in resistance or capacitance between the
electrode and target tissue, or, in the most adverse scenario, signal loss when electrodes become
disconnected. Delamination between the electrode and the substrate can lead to an increased
current density, which drives corrosion and dissolution of electrode material. In devices with poly-
mer encapsulation, water absorption may result in substrate or passivation layer expansion, which
subsequently induces stress in the neighboring layers, thereby causing cracks and delamination
[91].
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Long-term stability analysis

The combination of a mechanical mismatch and chronic immune responses (FBR) of penetrating
neural implants, in conjunction with shear motion and the subsequent formation of glial scars
and neuron depletion at the probe—brain interface, can result in the degradation of recording and
stimulation capabilities. Therefore, failure can be attributed to a combination of biological, material,
and mechanical factors [105]. Consequently, electrode failure has been documented to occur as
early as days or weeks [106][107][108], or in some cases as late as months [109][110]. It is notable
that there has been no demonstration of continuous functionality for neurostimulation electrodes
over a period of ten years or more, which is generally accepted as the benchmark for clinical
viability, particularly when the surgical method is complex and carries inherent risks [111]. It is
unfortunate that research into the causes of failure of these implants is not a priority, given that
studies in this area are not easily funded, require significant effort to perform and are challenging
to publish. It is therefore essential to conduct not only pre-implantation studies on the functionality
of the electrodes, but also post-implantation studies to analyze the failure mechanisms and gain a
deeper understanding of them. This will facilitate the formulation of strategies to circumvent such
failures in the future. Inspections should be conducted using microscopic and histology inspection
methods, as well as material and electrode characterization analysis. In order to analyze the
surface topography of the neural probe with regard to delamination and cracks, scanning electron
microscope (SEM) or atomic force microscopy (AFM) may be employed. Furthermore, elemental
composition analysis, such as energy-dispersive X-ray spectroscopy (EDS) or X-ray photoelectron
spectroscopy (XPS), should be employed to observe dissolution, contamination, and delamination
of the stimulating electrodes. In particular, adhesion testing is of great importance for thin-film
electrodes based on flexible polymers, as it serves to analyze the occurrence of pinhole effects in
the insulating layer [112].

2.2.5. 3D penetrating neural implants

Interacting with the 3D space of neural tissue to capture electrophysiological activity from all three
dimensions can be achieved through the use of 3D implants. Traditionally, MEAs comprise one-
or two-dimensional arrangements of electrodes. Nevertheless, there are methods for creating 3D
recording sites from a two-dimensional plane (Figure 2.12):

Nanoneedles and pillars with typically only one recording site per needle/ pillar

Several implanted neural threads with multiple electrodes

Stacks of overlaying 2D arrays with spacers in between

Cut-and-fold techniques (kirigami)

Nanoneedles and pillars are 3D structures, but typically allow only to record from one neural
layer (x - y plane) at a certain depth of the neural tissue, due to the fact that they possess only one
electrode per pillar/needle. One standard approach is the Utah array which consists of microfabri-
cated silicon (Si)-needles with metal-based or conductive polymer tips and a biocompatible poly-
mer encapsulation [24]. A design with slanted needles offers the possibility to record from several
neural depths within one device [119]. Similarly, Zardini et al. employed silicon microfabrication
techniques to fabricate an array comprising an impressive number of 5184 pillars, with a length of
1200 um [115]. However, the high Young’s modulus of silicon (Si) (160 GPa [120]) and the tethered
design of Utah-like arrays have been observed to result in the formation of fibrosis tissue around
the pillars, a phenomenon that has been documented on multiple occasions. The encapsulation
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Fabrication Substrate/ Electrode Electrode Electrode
Approach process Passivation material dimensions count
3D nanoneedles/ pillars
Campbell et al, 1991 | Silicon-based Si needle Au/ Pt 1500 um long,  Typically 64
(Utah array) microfabrication Pl encapsulation 90 um thick at
the base
— Grob et al., 2021 Inkjet-printing Ag nanoparticle ink  Electrodep. Au/ Pt Up to 560 um 64
(AgNP ink) long pillars, 32
um diameter
Zardini et al., 2021 | Silicon-based Poly-Si, Cr/ Au 1200 um long, Up to 5184,
microfabrication Oxide-nitride-oxide 20 um at the <100 used in vivo
insulation base
S.H. Lee et al., 2022 | Photolithography Sineedles on PI, PaC Pt nanomesh 10-200 pm long 32 or 1024
passivation or electrodep. needles
PEDOT:PSS
Brown et al., 2022 | Si thin-film Pl substrate, PaC Pt 300 pm pitch, 16
processing, passivation, 350 um long, 20
2-photon-lithography OrmoComp pillars um at the base
sputtered with Ti/Pt

Neural Threads

Neuralink and Elon
Musk, 2019

Yang et al., 2019

3D stacks of Michigan-like arrays

Wise et al., 2004
(Michigan array)

_ Rios etal., 2016

il
£ Chung et al., 2019

Kirigami structures

. Takeuchi et al., 2003
Soscia et al., 2020

J.Y. Lee et al., 2022

Thin film technology,
photolithography
,and other”

Photolitography,
e-beam evaporation

Silicon-based
microfabrication
CMOS technology

Silicon-based
microfabrication
CMOS technology

Thin film technology,
photolithography

Thin film technology,
photolithography,
folding: magnetic
fields

Thin film technology,
photolithography,
folding: mechanical
actuation

Thin film technology,
photolithography,
folding: pop-up
process

Pl substrate, Au
feedlines

SU-8
Au feedlines

Si substrate,
Si02insulation

Si shanks and spacer,
Parylene HT
encapsulation

Pl substrate, Si
stiffener for insertion

Pl substrate,
electroplated nickel
(magnetic)

Pl substrate,
Ti/Au/Ti feedlines

Pl substrate, SU-8
encapsulation, Cr/Au
feedlines

PEDOT:PSS, IrOx

Pt

Au/Pt/IrOx

Electrodepos. Au

Pt with
electrodepos.

PEDOT:PSS

Ti

Electrodepos. Pt

Electrodepos. Pt

3072 distributed
across 96 threads

4 - 6 pm thick
threads, 5- 50
pm wide, 20 mm
long
Polymer/metal/ 16
polymer width
4/2/4 or 1/0.6/1
um, 0.9 um thick

Typically 25 - 50 Up to 1024
um shank electrodes, 128 Ch
diameter

100 um width at 1024

the base, 20 um

at the tip of the

shank

14 pm thick, 61 Up to 1024,
to 80 um wide

shanks

1200 pm long, 18
160 um wide, 20

um thick shanks

1100 pum long,
90 um wide, 15
pum thick shanks

Up to 80
electrodes per
array, chip with up
to 256 electrodes

1500 pm long, 24 electrodes on
< 20 pm thick shanks, 9 surface
shanks electrodes

Figure 2.12.: Examples of 3D neural implants. Nanoneedles and pillars (Utah array by Campbell et al., 1991 [24], picture from
[113], Grob et al., 2021 [114], Zardini et al., 2021 [115], S. H. Lee et al., 2022 [116], Brown et al., 2022 [117]), neural
threads (Neuralink and Elon Musk, 2019 [31], Yang et al., 2019 [32]), 3D stacks of Michigan-like arrays (Wise et al.,
2004 [26], Rios et al., 2016 [28], Chung et al., 2019 [118]), and kirigami structures (Takeuchi et al., 2003 [34], Soscia et
al., 2020 [36], J.Y. Lee et al., 2022 [37]).

process results in an increase in impedance and elevated energy consumption. Consequently, the
efficiency of both stimulation and recording is diminished until the device ultimately fails [30][121].
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More recently, new fabrication processes have emerged, such as inkjet-printing [114] or 2-photon-
polymerization (2PP) [117], enabling the fabrication of thin (20 um at the base [117]) pillars with
the use of less stiffer materials to decrease the insertion damage. An alternative approach by S.
H. Lee involved the use of silicon needles on a flexible polyimide (Pl) substrate, which allowed for
greater conformity with the curvature of the brain [116]. All of the aforementioned approaches uti-
lize stiff needles that can only record from a single z-location within the neural space. This enables
single-unit recordings due to the small electrode size and distance to the target cells. However, it
does not fully allow the capturing of the entire 3D complexity of the neural tissue.

Neural threads are very thin single-shank devices (1D) based on flexible polymers (such as
polyimide (PI) [31] or SU-8 [32]). They are implanted either in a serial manner using neurosurgical
robots [31] or multiple at a time by a controlled stereotaxic injection using a syringe pump [32]
to enable access of the 3D space. The configuration of the bioinspired threads, as devised by
Yang et al., aligns with the dimensions of both soma (~10 um) and neurites (2.6 wide and 0.9
um thick thread) of a pyramidal neuron, thereby ensuring conformity with the neural tissue. The
device developed by Neuralink, with its CEO Elon Musk, is currently the subject of considerable
media interest following the announcement of the commencement of human trials. The objective
is to implant a 1024-channel device comprising 64 threads, which are thinner than human hair,
into a human subject [122]. Although the company has made claims about its innovative technol-
ogy, there are still concerns. The Physicians Committee for Responsible Medicine has stated that
comments made by Musk about primate deaths used in preclinical studies may have been mis-
leading. Subsequently, they have requested that the U.S. Securities and Exchange Commission
investigate the medical device company, Neuralink, due to their concerns about the safety of the
device for human trials [123].

3D stacks of Michigan-like arrays are stacked 2D-MEAs with spacers in between. The origi-
nal Michigan design, created in 1970, comprises Au electrodes on Si shafts with an insulation by
silicon dioxide (SiO2) [25]. The creation of 3D MEAs containing up to 1024 electrodes and 128
Ch was achieved by the stacking of 16 2D Michigan arrays [26]. Nowadays, Michigan-style probes
are further commercialised by the spinoff company NeuroNexus including on-chip complementary
metal-oxide semiconductor (CMOS) circuitries and a large range of shank configurations. A com-
parable approach by Rios et al. from 2016 resulted in the development of a shank with a width
of 20 um, which was still capable of holding 1024 electrodes [28]. However, traditional Michigan-
style probes are composed of rigid Si, which has been associated with FBR comparable to those
observed in the Utah array [29]. Consequently, flexible Michigan-style arrays comprising a 14
pum-thick PI. However, the use of a Si stiffener temporarily fixed to the flexible shanks by PEG is
necessary to overcome insertion failure due to buckling [118].

Kirigami structures employ the cut-and-fold principle to construct a 3D MEA from a 2D plane.
In 2004, Takeuchi et al. designed, fabricated, and tested a 3D flexible microprobe that was folded
by applying an external magnetic field [34]. Magnetic fields were also utilized in the 2018 work of
Sim et al., who folded 16 Pl shanks with a total thickness of 7.65 um [124]. However, their shanks
have a width of 300 um. Raising the number of recording and stimulation channels while using
smaller shank dimensions, Soscia et al. 2020 fabricated 80 electrodes on, in total, eight Pl shanks
intended for in vitro recordings. The folding of their 1100 um long and 90 um wide shanks, was
achieved through the use of mechanical actuation [36]. An alternative approach was taken by Lee
et al., who employed a self-folding process for the fabrication of their 3D implant, which comprises
nine surface electrodes in addition to the 24 distributed over four shanks [37]. While foreign body
reactions (FBR) should be reduced in flexible kirigami probes in comparison to stiff silicon (Si)-
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based probes, the electrode count is lower and the insertion is more difficult. Additionally, for the
folding, cytotoxic materials, such as ferromagnetic metals like nickel were employed combined with
the use of external energized equipment to induce magnetic fields that are considered hazardous
(100 — 400 mT), or manual time-consuming processes.

2.2.6. Retinal prostheses

In the 1980s, the progress in micro-nano fabrication and the improvements in vitreoretinal surgery
paved the way to an emerging research field in visual prostheses. Since then, several groups
around the world have focused on the restoration of vision using implantable devices for the retina.
Other approaches include implants for other parts of the visual pathway, such as the LGN, visual
cortex or visual nerve [125]. In addition, alternatives for electrical stimulation of implantable de-
vices to stimulate neurons are also being pursued, such as optogenetic [126], gene therapy, or
cell biology approaches [127]. In the next section, the main focus is on neural implants in clinical
trials intended to apply stimulation of the remaining visual pathway directly at first stage of the vi-
sual system: The retina. Retinal prostheses are distinguished by their implantation site: epiretinal,
subretinal and suprachoroidal prostheses (Figure 2.13).

Epiretinal prostheses

Epiretinal prostheses are placed on the retinal surface next to the nerve fiber and ganglion cell
layers (Figure 2.13A). The transvitreal sclerotomy surgical procedure is similar to other vitreoretinal
surgeries and therefore the placement and removal of the implant may be less complex. By
stimulating the RGCs directly, the first parts of the retinal system are bypassed. With ongoing
remodeling processes, this may be a suitable approach. However, the proximity to the axonal
nerve fibers possibly leads to undesired axonal stimulations [128].

Argus 2 Argus 2, developed by Second Sight Medical Products (CA, USA) is the first commer-
cially available visual prosthesis with a CE approval in 2011 and FDA approval in 2013. It has 60
electrodes to stimulate the neurons on the epiretinal side of the retina. The visual input is thereby
supplied by a miniature camera integrated on glasses [134]. More than 350 patients have been
treated with the Argus 2 implant. However, Second Sight announced to stop the Argus 2 project
and now focus on their cortical approach Orion [87][131].

IRIS 2 The current Pixum Vision S.A. product is called Intelligent Retinal Implant System (IRIS) 2
and consists of a 150-MEA, a pocket processor and, like the Argus 2, a glasses-mounted interface
(see Figure 2.13A,). It differs from Argus 2 in how the visual input is processed and uses optical
methods for higher data transfer. More importantly, the device incorporates a learning encoder
which allows to mimic retinal ON/OFF pathways as a result of individual calibrations [135]. IRIS
2 got CE approved in 2016. In a following clinical trial of 6 months the implant restored vision of
patients to a certain level [136], but the lifespan of IRIS 2 turned out to be shorter than expected
[128].

EPIRET3 and VLARS Like the other epiretinal devices, the EPIRET3 (RWTH-Aachen University,
Germany) possesses an external camera and visual processor (Figure 2.13A;;). In contrast to the
Argus 2 and IRIS 2 device, EPIRET3 uses inductive links instead of a transscleral cable. The
group around Peter Walter developed a bidirectional stimulation technique that allows the implant
to analyze feedback from specific retinal areas and individually adjust the stimulation [137]. The
research group finished a clinical trial with 6 patients [129] and their current product is called Very
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Figure 2.13.: Retinal implants and examples for epiretinal (A), subretinal (B) and suprachoroidal (C) approaches. A) The Iris2
(i) and Epiret 3 (ii) are show as example for epiretinal implants (images modified from [128] and [129]). B) The Alpha
IMS (i) and PRIMA (ii) are subretinal implants (images modified from [130] and [131]). C) Bionic Vision Australia works
on suprachoroidal implants [132] (overview modified from [133])

Large Array Retina Stimulator (VLARS) aiming to enhance the stimulation array to cover 37° of
the field of vision [138][139].

Nano Retina The company Nano Retina is working on an implant to penetrate the retina from
the epiretinal side. Their approach compromises a low-power imager that captures the natural eye
image at the back of the eye and a dense 3D neural interface made out of nanoneedles. Wireless
glasses provide a power source and enable communication with the implant for fine-tuning. During
a first clinical trial with nine patients, visual conception was confirmed [140].

Subretinal prostheses

Here, the devices are positioned closer to the target retina, which could result in lower stimulation
parameters, but requires intact retinal networks which may not be the case in degenerated retinal
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diseases (Figure 2.13B). Additionally, surgical techniques are reported to be more complex [128].

Boston Retinal Implant The Boston Retinal Implant is currently in a preclinical study phase
proposing a device with more than 256 electrodes that receive power from wireless inductive
coupling [141]. The design is in many ways similar to the Argus 2 implant, but the implant sits in
the subretinal space to avoid fixation damage.

Alpha IMS and Alpha AMS The implants by Retina Implant AG, Reutlingen, Germany got CE
approved in 2013 (Alpha IMS) and 2016 (Alpha AMS). The devices consist of an array with 1500
(Alpha IMS) or 1600 (Alpha AMS) photodiode-amplifier-electrode-complexes with an inductive
power source [142] (Figure 2.13B;). In a clinical trial of the Alpha IMS from 2010 - 2014 86%
were able to perceive light and 21% reported to have a very good improvement of their daily life
reporting to recognize letters and objects [143]. Nevertheless, 28% of the patients reported sens-
ing no benefit at all. Alpha AMS shows similar functional features, but also a longer lifespan of the
product [130].

PRIMA Pixium Vision SA is additionally working in cooperation with Daniel Palanker at Stanford
University, USA, on their PRIMA subretinal approach. Here, the image is also captured by camera
glasses and projected onto the subretinally placed 378-pixel cells through a near-infrared laser
scanner (Figure 2.13B;;). Compared to Alpha IMS/AMS, no transcleral cables are needed which
prevents the risk of residual peripheral damage during surgery [144]. The device is currently in a
clinical trial with patients that suffer from age-related macular degeneration which confirmed the
safety of the implant over 18 - 24 months in five patients [144][145].

Suprachoroidal prostheses

With the advantage of being more easily accessible, suprachoroidal implants are further away from
the sensory retina, implanted into the sclera underneath the choroid, and consequently require
higher stimulation parameters (Figure 2.13C). Another disadvantage is the high number of vessels
in the suprachoroidal space provoking the risk of bleeding. There are currently no CE-approved
suprachoroidal prostheses.

Bionic Vision Australia The Bionic Vision Australia (BVA) group is investigating a 44-channel
implant, which is wirelessly connected by transmission coils, in a clinical trial with patients affected
by RP which all reported improvements of their daily life routines [146] (Figure 2.13C).

Suprachoroidal-transretinal Stimulation System Japan’s Consortium for Retinal Prosthesis
has developed an implant placed in the scleral pocket next to the suprachoroidal space. The 49
protruding microelectrodes made out of Pt wires have a height of 0.5 mm. The device is currently
tested on three patients with advanced RP [147].

Outlook: Next generation of retinal prostheses

The commercialization of retinal implants is a challenging endeavor, as evidenced by the experi-
ences of Second Sight and Retina Implant AG, who discontinued their respective projects. Despite
these setbacks, they were able to provide significant benefits to numerous patients through their
technology. The next generation of retinal implants must leverage the insights gained from past
endeavors to overcome the challenges that have been encountered. This could involve employing
a larger number of smaller electrodes and targeted stimulation to address a larger visual field. One
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example of this is the POLYRETINA implant, which consists of a photovoltaic array with 2215 stim-
ulation pixels and has already been tested on in vivo pigs. In addition, the POLYRETINA device
with its flexible material follows the curvature of the eye to lie close to the target cells [148][149].
An additional area of focus is the advancement of stimulation strategies. One promising approach
is selective stimulation of RGCs, as demonstrated by the group at the Artificial Retina Laboratory
at Stanford University [150]. This approach entails the use of penetrating 3D electrodes, fabricated
by 2PP, for direct printing on Si. Consequently, the active region of the electrodes is positioned
in close proximity to the target cell, thereby reducing the electrode-retina distance. This results in
lower stimulation thresholds and enhanced selectivity [151]. Similarly, a group from South Korea
currently works on a soft 3D artificial retina approach with micropillars on a soft polymer layer (PI)
to adapt to the irregular surface of the retina [152].
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3. Materials and methods

This study employed two methodologies for developing 3D neural implants: KiRi and PiRi. One
potential solution to reduce the occurrence of FBRs is the use of flexible polymer-based neural
probes [153][99][154]. Accordingly, this study employs a 2D flexible MEA with a parylene-C (PaC)
substrate and passivation as the foundation for both 3D fabrication processes. The 2D fabrication
process was based on preliminary work, which is summarized below. This chapter delineates the
microfabrication techniques utilized for the 2D flexible MEA and 2PP for 3D printed electrodes,
along with the characterization of the electrodes and the methodology employed for animal exper-
iments.

3.1. Preliminary work

The 2D MEA fabrication process and retinal as well as cortical application protocols are based
partly on preliminary work described in [102][155][156][157]. Rincon Montés et al. demonstrated
the feasibility of utilizing penetrating 2D Michigan-style MEAs as a bidirectional device for stimulat-
ing the inner retina and concurrently monitoring local field potentials and spiking activity of RGCs
[78][155]. As a consequence of photoreceptor degeneration, the retina undergoes a reduction in
thickness and a remodeling process which leads to an increase in stimulation thresholds. This
results in a reduction in the efficiency of current retinal prostheses, which lack the capacity to
autonomously regulate this modification. In contrast, the penetrating shanks of the BIMEA device
were designed to meet this requirement. The BIMEA device addresses this challenge by offering
simultaneous recording and stimulation, thereby facilitating the adjustment of electrical stimulation
parameters. To enhance biocompatibility and further optimize the implant, a flexible substrate was
incorporated, transforming the Si-BIMEA[78] into a flexible BIMEA[155]. The device has been eval-
uated in WT and degenerated mouse retinas, demonstrating a reduced insertion footprint while
penetrating the tissue [155].

Srikantharajah et al. designed and fabricated flexible PaC-based intracortical Michigan-style ar-
rays to improve the immune acceptance in comparison to stiff Si-based neural probes. The flexible
probes, which were implanted in the somatosensory cortex of mice under acute in vivo conditions,
detected simultaneously LFPs as well as SUA and MUA [102][157].

The flexible BIMEAs for retinal applications are devices with four shanks with three (12-
BiMEA) or four (16-BiMEA) IrOx electrodes per shank. As a first fabrication step, a ~3 pm
thick layer of Pl or PaC was coated onto a four-inch Si wafer. In the first metallization step, a
titanium (Ti)/Au layer formed the feedlines, contact pads, and electrodes. A ~1 um thick flexi-
ble layer was then deposited and corresponding openings for the electrodes were etched using
reactive ion etching (RIE). Then, a sputtering process formed a stack of Ti/Pt/IrOx/Ti to build up
the electrodes on the Ti/Au base. Afterwards, a ~3 um third flexible layer served as a second
passivation layer for encapsulation. Etching for contact pads and electrodes followed likewise.
Eventually, soldering of the flexible probes to a 16-channel printed circuit board (PCB) via flip-ship
bonding finalized the fabrication of the flexible BIMEA [155]. The design of the flexible BIMEA was
adjusted for applications with mouse retina. In this case, the target tissue can be ~200— 220 um
thick in healthy mice retinas and ~100-120 um in degenerated mice retinas. Therefore, each flex-
ible BIMEA probe consists of four shanks with a length of 140/145, 180/185, or 220/255 pm. The

Page 35 of 215



3D neural implants for in vivo applications

shanks are 50 or 100 um wide, ~7 pm thick and have a tip angle of 30°. The inter-shank distance
is 100 um. Each shank holds 3 or 4 electrodes. The bottom electrode for electrical stimulation has
a diameter of 25 um, while the diameter of the 3 upper electrodes for electrical recording is only
15 um [155].

The flexible MEAs for cortical applications consist of two 5 pm thick PaC layer embedding a
Ti/Au/Ti or Ti/Pt/Ti layer. The electrode sites were opened using RIE. After flip-chip bonding the
flexible probes to a PCB, the electrodeposition of PEDOT:PSS was used to improve the electro-
chemical properties of the electrode. Prior to the deposition, the electrode surface was subjected
to 10 cyclic voltammetry (CV) cycles (-0.6 to +0.9 V vs. Ag/AgCl, 0.1 V/s, 0.1 M phosphate buffered
solution (PBS)), rinsed with ultrapure water, and activated using oxygen plasma (80 W, 0.8 mbar,
3 min). Subsequently, the electrodes were coated via potentiostatic polymerization for a period
of 7-20 seconds at a voltage of 1 V from a solution of 0.1% (w/v) 0.01 M EDOT (Sigma-Aldrich,
Germany) and 0.7% (w/v) NaPSS (Sigma-Aldrich, Germany) prepared in ultrapure water [157].

3.2. Microfabrication processes

The following sections describe the microfabrication processes employed to fabricate the 3D im-
plants, which are based on 2D flexible MEAs. Additionally, 2PP, the precise 3D printing technique
needed for the pillars of the PiRiimplants and the kirigami molds, is explained. In addition, the
details of the electrodeposition processes for filling the aforementioned pillars and the process of
PEDOT:PSS electrode deposition are given. A detailed runsheet with all process parameters for
the fabrication of 2D flexible MEAs can be found in section A.1.

3.2.1. 2D flexible microelectrode array (MEA) fabrication

The 2D MEA, which served as the base for the development of 3D neural implants consisted of
a metal layer stack embedded in two flexible PaC layers. The process flow for the 2D flexible
MEA is a combination of microfabrication processes, during which the substrate is modified in
z-direction, e.g. through the deposition of layers. The patterns in x-y- direction are done by
lithography processes using photo masks, which were designed using computer-aided design
(CAD) programs, such as KLayout and CleWin.

Parylene deposition

Parylene is an established designation for polyparaxylylene (PPX), a collective term encompass-
ing a category of linear, non-crosslinked, and semicrystalline polymers belonging to the thermo-
plasts. Thermoplastic polymeric materials can be molded when subjected to temperatures above
their glass transition temperature (=~ 90 °C for PaC [158]) and below their melting point (=~ 290
°C for PaC [158]). The elevated temperatures induce a rearrangement of the chain structures
within the amorphous regions of the polymer, thereby facilitating a softening of the material and
enabling the reshaping of the molecular structure. Subsequently, the polymer will retain the newly
formed shape upon cooling and removal of the mold. To prevent thermal oxidative degradation,
thermoforming should be conducted in a vacuum oven [159]. Moreover, a gradual temperature
increase and decrease is essential during the heating and cooling phases to prevent the thermo-
plastic material from failing due to thermal and mechanical stresses. In the process of optimizing
a thermoforming protocol, temperature is a more critical factor than time. This is due to the obser-
vation that the crystallization reaction is completed during the initial minutes of the thermoforming
process [160].
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Among the PPX, PaC is the most commonly utilized, frequently employed as a substrate or en-
capsulation material for neural implants. Its good biocompatibility (FDA approved, USP class VI),
chemical inertness, and its capacity to serve as a pinhole-free electrical insulator have collec-
tively contributed to its selection as the substrate and passivation material in the present study
[158][161]. The deposition of PaC layer on a Si-host wafer was done via chemical vapor deposi-
tion (CVD) using the PDS 2010 Labcoater 2 (Specialty Coating Systems Inc., USA). The deposi-
tion process begins with the vaporization of the solid PaC dimer at temperatures reaching up to
170 °C. Subsequently, the dimer undergoes pyrolysis, resulting in the formation of a monomeric
gas at temperatures up to 690 °C. Upon reaching the deposition chamber, the gas cools to room
temperature and undergoes polymerization on the target under vacuum. This enables the forma-
tion of a conformal coating on the target from all sides [161][162].

Photolithography

In photolithography, light-sensitive photoresist is applied to pattern the desired structures onto
the substrate. A photolithography process commences with the cleaning and dehydration of the
wafer prior to the coating process, which is undertaken to promote adhesion. Thereafter, the liquid
photoresists is dispensed onto the wafer, and during spin coating, it is evenly deposited due to
centrifugal forces. The spin speed is increased rapidly to a high speed at a constant rate [163].
The thickness of the photoresist hy is inversely proportional to the square root of the spin speed
w [164]

1
N
The subsequent step, soft baking, entails the removal of the residual solvent from the photoresist.
This is typically conducted at temperatures between 75 and 100 °C. The objective of soft baking
is to enhance adhesion and facilitate stress release, which may have accumulated during the
spin-coating process. Subsequently, the photoresist films are exposed to light with an appropriate
wavelength at a dose D of

D=1 -t (3.2)

with exposure time ¢ in seconds and light intensity 1, in W/cm? [163]. During the exposure, a photo
mask is employed to structure the resist, whereby, contingent on the desired design, specific struc-
tures are exposed while others are protected by the photo mask and remain unexposed. However,
in this study, the MLA150 (mask-less aligner (MLA)) from Heidelberg Instruments was the primary
tool employed for wafer exposure. In maskless lithography, micrometer-sized structures are writ-
ten onto a photoresist-coated substrate with the aid of a 375 nm laser ("direct writing"). The use
of a fabricated photo mask, typically used in a mask aligner (MA), is thus obviated, as the CAD
drawing is transferred directly via the MLA150 software. This enables prototyping and fast design
adjustments for various needs. The laser is capable of resolving structures down to one microme-
ter and achieves an alignment accuracy of less than 500 nm [165]. If exposed, the polymer chains
of positive photoresists are weakened, whereas the polymer chains of negative photoresists are
strengthened by photochemically induced cross-linking. This results in an increased solubility of
the positive resist or a decreased solubility of the negative resist in the developer. Consequently,
following exposure, the resist mask is a latent image within the photoresist layer, wherein the ex-
posed regions exhibit chemical differences from the non-exposed sites. The necessity of a post
exposure bake (PEB) is dependent upon the specific photoresist utilized. For example, the nega-
tive resist AZnLOF2020 requires a PEB for the cross-linking process, which renders the exposed
structures. In chemically amplified photoresists, a PEB is necessary to amplify chemical reactions,
which helps to reduce the exposure dose and accelerate development time. The soluble portions
of the photoresist are then removed by immersing the wafer in a developer [163][164].
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Metallization

The metal selected for the electrodes must be corrosion-resistant, as the implanted electrodes
are in direct contact with the saline fluid in the body. In the absence of such properties, there is
a significant risk of releasing toxic substances into neural tissues. Metals that form stable oxide
layers and possess a high conductivity are therefore ideal candidates [161]. Thus, in this study,
Au was chosen as the electrode material and Ti as an additional layer to promote adhesion to the
PaC sheets. The Ti/Au/Ti-layer was deposited via e-beam assisted evaporation using the Balzer
PLS 570 onto the patterned wafer. The subsequent lift-off process removed the resist structures
in conjunction with the overlying metal layer, resulting in the formation of a structured metal layer
that was directly deposited on the substrate [164].

Reactive ion etching

Another possibility to structure layers is using wet or dry etching. In this work, RIE was used to
structure the PaC layer using the Oxford PL 100 / ICP (Oxford Instruments, UK) with an etch rate
of 800 nm/min for PaC and 6.6 - 10 for Ti nm/min [156]. The process parameters are given in the
tables A.1 and A.2.

Packaging

To complete the fabrication process, the flexible probes were detached from the silicon wafer using
droplets of water. Subsequently, the probes were affixed to a customized 16- or 32-channel printed
PCB via flip-chip bonding. The process was conducted using a hotplate set to 180 °C to heat the
PCB. The solder paste Sn42/Bi58 (AMTECH, USA) was deposited, and the high temperature
caused droplets to form at the contact pads of the PCB. The temperature was then lowered to
160 °C, which is below the melting temperature of PaC, and the contact pads of the flexible MEA
were aligned to the contact pads. To improve the packaging stability, the probe-PCB interface was
coated with 1:10 polydimethylsiloxane (PDMS) and subsequently cured at 120 °C for 30 min [156].

3.2.2. 2-photon-polymerization for 3D printed electrodes

For the fabrication of 3D neural implants, the printing of pillars was achieved through the utilization
of two-photon lithography, a technique that shares similarities with conventional photolithography
methods. Similarly, the structuring process is achieved through the illumination of negative or
positive photoresists with light of a precisely defined wavelength. The standard photolithographic
process, which is widely used for the fabrication of 2D structures, is based on the principle of one-
photon absorption (OPA). In contrast, two-photon lithography is a process based on two-photon
absorption (TPA), where a molecule is excited from its ground state to a higher energy level by the
simultaneous absorption of two photons. Two-photon lithography can be considered as an additive
manufacturing technique. It allows for the fabrication of arbitrary 3D structures with a resolution
of 100 nm. In comparison to conventional photolithography, there are three primary advantages:
(i) superior resolution, (ii) with high aspect ratios (iii) and the fabrication of complex 3D structures
directly from a CAD design. Two-photon lithography is regarded as one of the most versatile and
precise additive manufacturing processes and has been employed in a number of bioapplications,
including microneedles and microfluidic devices [40].

Two-photon absorption is achieved through the use of an ultrafast laser beam with a high inten-
sity pulse peak. In most cases, near infrared femtosecond lasers, which operate at a wavelength
longer than that of ultraviolet (UV) light, are employed as light sources [166]. Upon focusing the
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light beam on a small volume of liquid resin, a photosensitizing chromophore is stimulated by the
simultaneous absorption of two photons, which then initiates a chain reaction leading to the for-
mation of a polymer. Once a certain threshold of energy is exceeded as a consequence of the
absorption, the area around the focus of the light beam undergoes polymerization. While OPA can
be considered a linear process, with energy absorption proportional to the intensity of the light, the
mechanism of TPA is inherently non-linear. Instead, the absorption is proportional to the square of
the laser intensity. Consequently, the absorbed intensity at a distance from the center of the spot,
in the case of TPA, exhibits a decay rate that is twice that of OPA, thereby providing a notable
enhancement in resolution upon absorption by the photoactive polymer [40][167].

Two-photon lithography was conducted using the Photonic Professional GT2 (PPGT2), a de-
vice manufactured by NanoScribe GmbH. The Photonic Professional GT2 (PPGT2) is equipped
with a 780 nm pulsed femtosecond fiber laser. The system is calibrated to deliver 50 mW, a power
scaling of 1.0, and a laser power of 100%. The selection of an appropriate lens is of great conse-
quence with regard to the resolution capabilities and processing times associated with polymeriza-
tions. The use of higher magnification objectives results in enhanced resolution of the fabricated
microstructures, although this is accompanied by an increase in processing time. In accordance
with the aforementioned considerations, the 25x NA0.8 objective was utilized for micro-scale struc-
tures, whereas the 63x NA1.4 objective was employed for high-resolution printing. The PPGT2 is
equipped with a galvo scanner, which enables the navigation of the laser through the objective
in the xy-direction over the substrate. The resins were employed in the "dip-in" configuration,
wherein the objective lens is in direct contact with the resin. Consequently, the photoresist was
applied to the substrate, inserted into a holder, and positioned in an inverse orientation over the
objective lens, with the system printing in the negative z-axis direction. Subsequently, the photore-
sist—substrate interface was identified as the origin of the print, either automatically or manually.
To achieve efficient polymerization by 2PP processes, parameters must be optimized. The writing
speed of the system is inversely proportional to the laser dose, while the laser power is propor-
tional to it. These two factors and the focusing of the laser source control the dose delivered to
any volume. Fine features are best suited to lower powers to avoid damage when focusing the
laser source. Damage may occur when a given area is overexposed, resulting in heat and gas
buildup, which is typically observed as bubbling in the print. When establishing designs for 2PP,
it should be considered that it is a fundamental property of voxels that they naturally extend in the
z-axis due to the contraction and expansion of the beam around the focus point. Consequently, a
mirrored volume is formed above and below the focus point, undergoing polymerization. The x-y
geometry is not mirrored, thereby allowing for higher resolutions to be achieved in the x—y plane
in comparison to the z-axis [166].

3.2.3. Electrochemical deposition of electrode material and coating

Electrochemical deposition was used in order to fill the 3D printed pillars with a conductive metal,
here Au, to form the electrodes. To improve the electrochemical characteristics of the electrodes,
PEDOT:PSS was employed as electrode coating for 3D printed electrodes as well as for kirigami
electrodes.

Electrochemical depositon of Au

Prior to the electrodeposition of Au, the electrode surface was exposed to oxygen plasma activa-
tion at a power of 100 W and a pressure of 0.8 mbar for a duration of one minute. The term elec-
trochemical deposition describes a process whereby active material is deposited on a substrate
via a redox reaction. The process was performed with the aid of a multichannel potentiostat (CH
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Instruments Inc., USA). To this end, a three-electrode system was employed, comprising a work-
ing electrode (an Au electrode of the 2D flexible MEA that will be coated), an Ag/AgCI reference
electrode, and a Pt counter electrode. Electrochemical deposition allows for the transformation
of metallic ions into a solid metal state, which then deposit onto the surface of the working elec-
trode. This occurs when a sufficient quantity of electric current traverses the electrolyte solution,
comprising charged ions generated through the dissolution of an appropriate metallic salt in water
[168]. In this experiment, 50 mM AuCl, in a liquid Au bath aqueous solution was used as the
electrolyte. The application of a voltage is a crucial step in achieving effective localized deposition
on the desired electrode surface. The deposition then follows the reaction [169]

AuC’lZ( +3e” = Augyy +4C1 (3.3)

(aq.)

aq.)

The deposition of materials in a controlled area can be achieved through the use of non-conductive
masking, whereby the printed hollow pillars are employed as templates. By optimizing the process
parameters, it is possible to control the porosity and accuracy of the resulting electrochemically
deposited structure. Thus, the deposition of Au was conducted in two stages. In the initial phase, a
constant potential of -1.3 V was maintained until the current reached a value of -100 nA, indicating
that the pillar was filled with Au. Subsequently, a second step was conducted using a constant
current of -100 nA for a duration of 20 seconds to form a conform Au cap [41].

Electrochemical deposition of PEDOT:PSS

PEDOT:PSS is the most commonly utilized conductive polymer due to its biocompatibility, high
charge capacity, chemical stability, and commercial availability. Among the characteristics of the
poly(3,4-ethylenedioxythiophene (PEDOT) polymer chains is their inherent non-conductivity, their
insolubility in common solvents, including water, and their susceptibility to rapid oxidation in air,
thereby displaying instability under these conditions. In order for the PEDOT polymer backbone to
become conductive, it must undergo oxidation to its cationic form. Consequently, the polymeriza-
tion process commences with the oxidation of the 3,4-ethylenedioxythiophene (EDOT) monomer,
resulting in the formation of positively charged chains. When a current or voltage is applied,
two activated monomers combine to create two protons, allowing the positively charged PEDOT
chains to emerge. The resulting PEDOT+ is a semiconductive polymer. To balance the positive
charge of the PEDOT+, a counter ion is then required. The polymerization in the presence of
the negatively charged poly(sodium 4-styrenesulfonate) (PSS) serves as a counter anion to com-
pensate for the positive charge of the PEDOT+ by forming an electrostatically stable bipolymer
thin film on the electrode surface [65][170]. Electrodeposition is typically conducted in a three-
electrode cell, wherein deposition occurs at the working electrode when the electrode potential
exceeds the potential for EDOT oxidation. Electrodeposition may be performed using constant or
varying potential, or galvanic deposition with constant or varying current. The structure of PEDOT
conductive coatings is dependent upon the materials and methods employed in PEDQOT electrode-
position. The choice of co-ion and deposition parameter have an impact on the various stages of
polymer growth, with the potential to yield coatings that are smooth and compact or rough and
porous [65]. The morphology of PEDOT coatings has been demonstrated to directly influence
their electrochemical performance. An increase in coating roughness has been shown to result in
an expansion of the actual electrode surface area, which in turn leads to a reduction in electrode
impedance [92]. PEDOT ions aggregate on the electrode surface and undergo polymer chain
extension, which constitutes the 2D growth phase. When they overlap, 3D growth commences,
resulting in the formation of a bulk structures. An elevated charge density at the electrode edges
results in the thickening of coatings at the edge of planar electrodes [65][91].

As reported in the literature, CV deposition leads to more uniform coatings with reduced roughness
[65]. The objective was to create a smooth PEDOT:PSS coating of the Au cap of the 3D-printed
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electrodes. To this end, CV was employed as the deposition method, with the initial voltage set to
0V, the final voltage set to 1 V, and the scan rate set to 0.1 V/s for 2 to 15 cycles. The solution
comprised 0.1 M of EDOT and 75 g/ml of PSS. The deposition process was conducted using a
multichannel potentiostat (CH Instruments Inc., USA) with a three-electrode setup, comprising an
Ag/AgCl reference electrode and a Pt counter electrode.

In contrast, the objective for planar kirigami electrodes was to enhance the electrochemical char-
acteristics, thereby increasing the surface area and reducing the impedance. Consequently, a
constant potential of 1 V was applied for 20 s via chronoamperometry. An EDOT:PSS solution
was prepared with EDOT and PSS at concentrations of 0.1% (w/v) and 0.7% (w/v) in deionized
water. Prior to the deposition, electrochemical cleaning of the probes was performed in 1x PBS.
This involved the application of 10 cyclic voltammetry cycles to all electrodes, utilizing a sweep
rate of 100 mV/s and potential limits between -0.6 and 0.9 V versus an Ag/AgCl reference elec-
trode. Subsequently, the surface of the 3D kirigami device was activated with oxygen plasma at a
pressure of 0.8 mbar and a power of 80 W for a period of 3 min. Thereafter, the electrochemical
polymerization of the EDOT:PSS on the gold-based electrodes was conducted.

3.3. Characterization of neural interfaces

3.3.1. Electrochemical characterization
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Figure 3.1.: Electrochemical characterization methods of neural implants. A) The bode plot is used to illustrate the impedance of
the electrodes, where typically the value at 1 kHz is extracted for comparison. LFPs are measured in the low-frequency
range (< 100 Hz) and spikes in the frequency band of 100 to 3000 Hz. B) The CSC is calculated by extracting the integral
of the cathodic current I between the potential limits E. and E,. C) To define the CIC, voltage transients are measured
upon stimulating pulses with varying pulse width T,;, and amplitude T, until the potential limits (cathodic E... or
anodic Emq) are reached.

The impedance of the electrodes was analyzed using electrochemical impedance spectroscopy
(EIS) and the VSP-300 potentiostat (BioLogic Science Instruments, France). Here, the microelec-
trode to be characterized was placed in PBS solution as WE together with a Pt wire as CE and
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an Ag/AgCl electrode as RE. During the EIS analysis the response of the microelectrode to a
harmonic sinousoidal at a range of frequencies from 10 Hz to 100 kHz was measured. The am-
plitude of the sinusoidal signal was kept at 10 mV to prevent undesired electrochemical effects at
the electrode-electrolyte boundary. The electrochemical impedance Z of the system is typically
visualized using a Bode plot. An example is shown in Figure 3.1A. Typically, the impedance is
evaluated at 1 kHz to facilitate comparison with other research studies [92].

Noise is defined as ‘a usually unwanted disturbance, which affects the quality or usefulness
of a signal typically by superimposing the signal and thereby obscuring its information content’
[171][172]. The noise of an electrode is primarily influenced by intrinsic and external factors. Inter-
ference from external power or light sources, or biological noise through the activity of more distant
neurons, falls into the former category. Additionally, noise may result from instrumentation noise,
which originates from recording hardware, including amplifiers and analog-to-digital converters.
With regard to intrinsic noise, the thermal noise is the most significant contributor. The thermal
noise, designated as v, can be expressed as a function of the temperature T, the Boltzmann
constant kg, and the frequency range [f;, f2] by

f2
v — \/4kBT / Re(2)df (3.4)

where Re(2Z) is the frequency-dependent real component of the complex impedance Z of the elec-
trode [171]. When adding the constants into equation 3.4, v, at body temperature was estimated
by

RAf

thT:SIOK =0.13nV - EE (35)

within the frequency band Af [92]. Therefore, the potential for recording with a high SNR is
enhanced by lower impedance, which significantly impacts the value of v, [92]. In practice, how-
ever, the noise depends on the components of the neural interface at all levels, not merely on
the electrode characteristics. As previously stated, the surrounding environment also plays a role.
Therefore, in all characterization and electrophysiological measurements, shielding techniques
such as measurements in a Faraday cage and proper grounding were employed.

The CSC was measured using CV and the VSP-300 potentiostat (BioLogic Science Instruments,
France). Here, the microelectrode was again placed in PBS medium with a Pt CE and Ag/AgCl
RE. During CV, the potential at the WE was driven between oxidising and reduction potentials
inside the limits of the water window ([-0.9 0.6] for PEDOT:PSS electrodes [173]) at a constant
rate of 100 mV/s while monitoring the current. The CSC was then estimated by the integral of the
cathodic current I between the potential limits E. and E,

Eq
cSC=1/(v-GSA) / I(E)dE (3.6)
divided by the scan rate v and the geometric surface area (GSA) of the electrode, as illustrated in
Figure 3.1B [92][174].

The CIC was determined using voltage transient measurements measured with a 2208 Pico-
Scope oscilloscope (Pico Technology, UK) which was connected in parallel to the measurement
circuit consisting of the microelectrodes connected to the multi channel system (MCS)-setup (de-
scribed in detail in section 3.4.1) and the Ag/AgCl RE/CE pellet in PBS medium. The maximum
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current for a current-controlled stimulation was investigated for which the electrodes are safe to
polarize avoiding Faradaic effects. Therefore, the current amplitude of a biphasic, symmetric pulse
with 20 ps inter-phase period (i = 0 A) and a constant pulse width T,;, was carefully increased until
the maximum cathodic E,,. or anodic E,,, potential limits in the voltage transient measurements
were reached (method from [173], illustrated in Figure 3.1C). This way, l,,. was found for each
pulse width T, for cathodic as well as |,,, for anodic first symmetric pulses. Then, the CIC was
calculated by

Imc : Tph

CIC=—C5a

(3.7)

3.3.2. Mechanical characterization
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Figure 3.2.: Mechanical characterization of penetrating neural implants. A) To evaluate the Young’s modulus and stress/ strain at
fracture, a tensile test was performed and the stress-strain curves analyzed. B) Insertion of penetrating probes. During
the insertion of penetrating shanks, tissue dimpling is typically observed. B; shows an example where dimpling of agarose
gel was observed. At this stage, a fixed-pinned condition applies (ii). When the insertion force F; is enough to overcome
tissue dimpling, the force during the measurements is rising due to shear forces F (iii, adapted from [94]).

The stress-strain curves of thin annealed and unannealed PaC stripes with a length of 25 mm,
a width of 1.5 mm and a thickness of 10 um with 64, 32 and without feedlines were measured
using the UniVert tensile tester (Cellscale, CA) with a 1 or 10 N load cell. An example of a stress-
strain curve is illustrated in Figure 3.2A. The samples were fabricated according to the protocol
described in section 4.1. The probes were affixed to the clamps of the tensile test apparatus with
parafilm at their extremities to prevent them from shifting out of the clamps during the course of
the test. To ensure consistency in the measurement process, a starting length of approximately
15 mm was utilized, along with a preload of 0.03 N. This approach helped to establish a uniform
baseline for subsequent observations. The probe was pulled at a constant velocity of 12.5 mm per
minute until fracture. The Young’s modulus as well as the stress and strain at fracture, as marked
in Figure 3.2A, were evaluated using self-written MATLAB scripts.

The critical buckling load P, of the neural implants, which are intended to penetrate the tissue,
was calculated using Euler’s equation

n2IE
(kL)?
where E is the Young’s modulus, L is the length of the shank, k is the effective length factor, which
is 0.7 for a penetrating shank fixated to a measurement system (fixed-pinned condition, Figure

Py = (38)
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3.2B; ;) [175]. The second moment of inertia I is

wt?

Leotumn = E (39)

for a slender column with rectangular cross-section, width w and thickness ¢, and

Icylindar = zr4 (310)
4

for a cylindrical implant with circular cross-section and radius r [96]. Additionally, finite element
method (FEM) simulations using COMSOL Multiphysics for more complex shank or pillar geome-
tries using the solid mechanics module were conducted. A fixed-pinned condition was assumed
and an insertion force of 0.5 mN, as reported in the literature [94]. For the material properties of
IP-L 780, which was used for the 3D printed electrodes, values given by the manufacturer Nano-
scribe were used (Young's modulus = 4.73 GPa, Poisson’s ratio = 0.3, and density = 1.17 g/cm3).
For the kirigami electrodes, the Young’s modulus for thermoformed PaC (1.7 GPa) as evaluated
by the tensile tests, Poisson’s ratio = 0.4 [35] and a density of 1.29 g/cm? [176] was used.

The insertion force is needed to overcome tissue dimpling, which is typically observed during
the insertion of penetrating probes (Figure 3.2B). Thus, the forces during insertion were measured
during the insertion of the neural probes inside a tissue phantom (Figure 3.2B;;;). Figure 3.2B;;
summarizes the expected forces. An implantable system should be designed to withstand the
insertion force F; required to overcome tissue dimpling for insertion into soft tissues. Then, as the
neural probe traverses the neural tissue, shear forces F, are occurring. For the measurements
of the force-time plots, the insertion rod was mounted on a load cell (FUTEK, LSB200, 20 g)
which was in turn fixated to the second micromanipulator used to push the neural probes inside
the tissue or, in this case, the tissue phantom. The data acquisition was done using self-written
MATLAB scripts as well as the FUTEK USB DLL provided by the manufacturer.

The bending stiffness was computed as the product of the Young’s modulus E and the second
moment of inertia I and was utilized as an indicator for the compliance of the penetrating probes,
which are employed in an invasive electrophysiology method for chronic in vivo applications.

3.3.3. Accelerated aging test

Neural implants are expected to last ideally for years. However, it is not feasible to test neural
implants over such a long period of time. Thus, accelerated aging tests are needed which simulate
aging in a reasonable amount of time. An increase in temperature increases kinetic energy and
thereby the velocity of reactions and degradation. The acceleration factor AF is determined by

Tac—T¢

AF =27% (3.11)

with the temperature of the accelerated aging test environment 7,. and the target temperature
T;. Using a T, of 60 °C and a T; of 37 °C (body temperature) the AF is ~ 5 [92]. During the
aging test, the neural probes were immersed in PBS and placed inside an oven at 7,.. Electro-
chemical properties and mechanical properties of the test samples were evaluated as described
in section 3.3.1 and 3.3.2 twice a week or once every two weeks, respectively. Additionally, regular
inspections using an optical microscope (Keyence VK-X100) and SEM were conducted.
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3.4. Cadaveric, in vitro, and in vivo experiments

The study involved a range of experimental approaches, including in vitro (explanted rodent retina
and human brain slices), in vivo (somatosensory and visual cortex of mice), and cadaveric (open-
sky surgery and pars-plana implantation with rats and rabbits) experiments (Figure 3.3). Due to
the differing requirements of each experimental type, the experimental setups vary slightly. In all
cases, the neural probes were inserted from the top using a micromanipulator to ensure precise
movement. The ME2100 system by Multichannel Systems was employed for electrophysiologi-
cal recordings and customized stimulator systems to elicit electrophysiological responses. The
measurement systems for in vitro and in vivo recordings were previously described in [41][177].
Cadaveric experiments were either conducted using the in vitro setup (Open-sky surgery) or facil-
ities at the Department of Ophthalmology, RWTH University Hospital (Pars-plana implantation).

Neural Experiment Setting, Model systems Animal permit Histology
tissue Probe type
Retina Spontaneous In-vitro RCSrats (N =5) 2021.A111
s, activity & optical KiRi & PiRi WT Wistar rats 2018.A190 & IBI3 OE Ratten,
stimulation (N=6) Forschungszentrum Jilich
Spontaneous In-vitro RCSrats (N=2) 2021.A111
activity & EIS 2D BiMEA WT Wistar rats 2018.A190 & IBI3 OE Ratten,
measurements (N=4) Forschungszentrum Jilich
GABA application In-vitro RCS rats (N =2) 2021.A111,
KiRi & PiRi Forschungszentrum Jilich
Insertion In-vitro Transgenic WT From IBI1, Dead cell staining using EthD-1;
footprint KiRi & PiRi TN-L15 mice Forschungszentrum Jilich Primary antibodies GFP (for RGC),
(N=28) Cal (for amacrine cells), PEA (for
photoreceptor cones)
Open-sky surgery Cadaveric RCSrats (N =3) 2021.A111
KiRi & PiRi WT Wistar rats 2018.A190 & IBI3 OE Ratten
(N=4)
Albino rabbits Slaughterhouse
(N=1)
Pars-plana Cadaveric Albino rabbits Slaughterhouse
implantation KiRi & PiRi (N=2)
Cortex Somatosensory In vivo Transgenic WT 81-02.04.2021.A021, Fluorescent infrared dye (DiD) to
cortex KiRi & PiRi mice expressing RWTH Aachen track implant position, DAPI for
gg implantation and GCaMP6s (N =7) cell nuclei
stimulation
Visual cortex In vivo Transgenic WT 81-02.04.2021.A021, DAPI for cell nuclei;
implantation and KiRi mice expressing RWTH Aachen Primary antibodies NeuN (for
stimulation GCaMP6s (N = 2) mature neurons), IBA1 (for
mature microglia), GFAP (for
astrocytes)
High-potassium In vitro Human brain EK067/20 & written consent,
stimulation KiRi & PiRi slices (N =4) RWTH Aachen
Induced In vitro Human brain EK067/20 & written consent, DAPI for cell nuclei
epileptic-like KiRi slices (N =6) RWTH Aachen Antibodies NeuN (for mature
activity neurons), GFAP (for astrocytes)

Figure 3.3.: Overview of the conducted experiments.

The ME2100-System (Multi channel systems, USA) was used for electrophysiological record-
ings. The ME2100 consists of an interface board (IFB), a signal collector unit (SCU) and the
headstage amplifiers (Figure 3.4). The IFB is connected to a computer. The Multi Channel Ex-
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Headstage ME2100-HS32

Signal collector unit Interface board

Tactile stimulator

via NeuroNexus
adapter

Flexible

cable —» 3D

In-vivo or in- Multichannel experimenter software

vitro tissue

Figure 3.4.: MCS ME2100 recording and stimulation system. The ME2100 system by Multichannel systems consists of a head-
stage, signal collector unit and interface unit connected to a PC. A LED circuit was used to optically stimulate in vitro
tissue while a tactile stimulator was used during in vivo experiments. Images from [41][178].

perimenter software (Multichannel Systems, USA) was utilized for data acquisition. The ADPT-
NN-16/32 or the ADPT-NN-32 adapter from NeuroNexus (USA) was used to connect the neural
probes to the ME2100-HS32-M-3m headstage. The headstage has a total of 32 channels that can
each be used for recording and electrical current- or voltage-controlled stimulation.

3.4.1. In vitro experiments with explanted neural tissue
The in vitro setup

The in vitro setup consisted of the ME2100-System (Multi channel systems, USA), two micro-
manipulators (SM6 controller, Luigs and Neumann, Germany, and uMp4, Sensapex, Finland),
a light-emitting diode (LED) circuit and a microscope (Keyence Deutschland GmbH, Germany)
placed inside a Faraday cage. The prepared tissue was placed on a PDMS pillow inside a trans-
parent perfusion chamber using filter paper and insect pins [155]. The perfusion with aCSF or
Ames’ medium (depending on the experimental type) was recycled in a closed-loop perfusion sys-
tem using a REGLO Digital peristaltic pump (ISMATEC, Germany). The medium was bubbled
constantly with carbogen gas during the experiments. To perform optical stimulation in retinal ex-
periments, an LED circuit was placed underneath the perfusion chamber and connected to the
digital input of the ME2100-System to synchronize the stimulus with the recorded data. To faciliate
the insertion, the headstage of the MCS system was connected to a micromanipulator (Luigs &
Neumann GmbH, Germany) to bring the 3D neural implant close to the surface of the neural tissue
in a controlled manner. Additionally, an insertion rod was mounted on a second micromanipulator
(uMp4, Sensapex, Finland) to apply the insertion force which enables the penetration of the 3D
neural implant inside the neural tissue. To optically monitor the insertion procedure, a VHX digital
microscope (Keyence Deutschland GmbH, Germany) was used.

In vitro retinal applications

Retinal explants from mice and rats were prepared in accordance with the methodology pre-
viously described [41][155]. Prior to decapitation, the animals were deeply anesthetized with
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Figure 3.5.: Setup for in vitro electrophysiological recordings. During in vitro experiments the neural tissue was placed inside the
perfusion chamber (A) and the neural probe was inserted from the top using an insertion rod (B). The neural tissue was
fixated with filter paper and insect pins. An Ag/AgCl pellet was used as RE.

carbon dioxide or isoflurane. Immediately following the decapitation, the eyeballs were enucleated
and immersed in fresh Ames’ medium (see Appendix C.1.1). The medium was maintained in a
state of constant oxygenation through the use of carbogen gas, comprising 95% oxygen and 5%
carbon dioxide (The Linde Group, Germany), with a pH level of 7.4 adjusted through the addition
of sodium bicarbonate (NaHCQ3). The light-adapted retinas were then isolated under a reflected-
light stereomicroscope (Stemi SV-6, Carl Zeiss GmbH, Germany) in conditions of ambient light
and at room temperature. An incision was made along the ora serrata to facilitate the extraction
of the cornea and lens. The vitreous body was then removed with great care. Subsequently, the
procedure was conducted on the second eye with the objective of ensuring constant oxygenation.
Next, the posterior eyeball was bisected, and the two retinal pieces were gently isolated. One was
returned to oxygenated Ames’ medium, while the other was prepared for the initial experiment. At
this step, the retina was positioned upon a donut-shaped piece of filter paper, with the ganglion
cell layer oriented in a superior position. Subsequently, the specimen was inverted and positioned
within the perfusion chamber, where it was secured with insect pins to maintain its position during
implant insertion (Figure 3.5).

Optical stimulation of the retinal explants was performed using an LED-circuit consisting of a
5 mm round white LED connected in series with a 61.9 Q resistor to provide high photopic stimuli
(7.96 pW/mm?) to activate the cones [155]. The LED was placed in close proximity to the retinal
explant (below the perfusion chamber) and the circuit was connected to the IFB of the ME-2100
system. Pulses of 500 ms duration with an amplitude of 5 V were sent every 15 s to illuminate the
LED.

Histological analysis of retinal explants

In order to assess the biological impact of acute intraretinal insertion of the 3D KiRi and PiRi
implants, the TN-L15 mouse strain was employed. This particular mouse strain exhibits a pro-
nounced and highly discernible fluorescence in retinal ganglion cells. Following the retraction of
the 3D implants from the tissue, the biological samples were initially stored in freshly oxygenated
Ames’ medium. Subsequently, the samples were stained and imaged using a confocal micro-
scope, with the resulting images undergoing further post-processing. Cell stainings and confocal
imaging were performed at the Institute of Biological Information Processing-1, Molecular and Cel-
lular Physiology (IBI-1) at Forschungszentrum Jilich with the help of Nruthyathi and Prof. Frank
Mdiller.
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Cell stainings were conducted following the removal of the 3D implants. Dead cells were
stained using ethidium homodimer-1 (EthD-1, ThermoFisher Scientific Inc., USA), a fluorescent
cell-impermeable DNA-binding dye. The methodology of the dead cell staining was adapted from
previously published reports on in vitro staining of live tissue slices [155][156][179]. The stain-
ing solution was prepared by dissolving 5 pl of 2 mM ethidium homodimer-1 (EthD-1) with 1 ml of
freshly prepared, oxygenated Ames’ medium. Each retinal sample was submerged in 700 pl of the
staining solution in a 24-well plate. To ensure the viability of the tissue, the well plate was placed
within a closed, oxygenated, wet chamber for the duration of the staining process. The staining
was then conducted within the wet chamber, utilizing an orbital shaker at 60 rpm for a period of 20
minutes. Subsequently, the dye was removed by washing with fresh Ames’ medium for a period of
10 minutes, with constant shaking and oxygenation. Thereafter, the slices were fixed with 500 pl
of 4% PFA for 20 minutes and washed in Ames’ medium for 10 minutes. The samples were then
mounted on a glass slide with a small amount of media for imaging. Following the initial set of
confocal images, the samples were stored for subsequent staining procedures. For this purpose,
the samples were incubated in 10% sucrose in phosphate buffer (PB) for one hour and 30% su-
crose in PB overnight at 4 °C. Subsequent stainings were then conducted using primary antibody:
green fluorescent protein (GFP, raised in rabbit, 1:8000, Abcam- ab290), calretinin (Cal, raised in
goat, 1:3000, Chemicon- ab1550), peanut agglutinin biotin (PEA, 1:200, Sigma- 16135); secondary
antibody: d a rb Cy2 (1:400, Dianova- 711-225-152), d a gt Cy3 (1:1000, Dianova- 705-165-147)
and S A647 (1:100, Invitrogen- S32357) to stain the retinal ganglion cells, amacrine cells and
outer segments of the photoreceptor cones, respectively. The fixed retina was transferred to a
multi-well plate containing PB for the immunohistochemistry staining. Subsequently, the PB was
substituted with the primary antibody (in CTA (5% Chemiblocker (Chemicon International, USA),
0.5% Triton X-100 (Sigma, Germany), 0.05% NaNs3)), and the mixture was then incubated for a
period of three days at room temperature. Subsequently, the retina was washed with PB for 1-2
hours and incubated overnight with the secondary antibody (in CTA) at room temperature. The
retina was then washed again with PB for 1-2 hours and transferred to a glass slide with ganglion
cells facing upwards. The retina was then covered with Aqua Polymount, and a glass coverslip
was placed on top.

Confocal imaging of the stained retinal samples was performed using a confocal laser scanning
microscope (TCS SP5 I, Leica Microsystems, Germany) to obtain both whole-mount images and
images for 3D analysis of the insertion areas. For the acquisition of whole-mount images for an
area of 1024x1024 pixels, z-stacks were obtained at varying focal planes with step sizes of 5
pum. 3D images of the whole mount retina were generated by zooming into 1024x128 pixels, with
smaller step sizes of 0.5 - 0.8 um. An argon laser and a helium laser were employed to stimulate
the fluorescent samples. The scanning was conducted in a sequential manner using wavelengths:
458 nm to detect the live RGCs, 543 nm to detect the dead cells stained with EthD-1, 594 nm
to detect the amacrine cells stained with calretinin (Cal), and 633 nm to detect the cones stained
with peanut agglutinin biotin (PEA).

The image processing was conducted using the Imaged software [180]. Firstly, the regions
affected by the intraretinal insertion of each shank or pillar were each manually selected as region
of interest (ROI) in the maximum intensity projections of individual and merged channels. The
ROls were delineated around areas comprising dead cells and discernible neuronal loss at the
insertion sites. Subsequently, the dimensions of the aforementioned ROIs were quantified and
designated as the insertion trauma area (ITA). Then, thresholding was conducted on the maximum
intensity projections of the red channel to eliminate background noise. In the subsequent step,
watershed segmentation was utilized to remove isolated pixels and facilitate the separation of
merged cells. The "Analyze Particles" function was employed to perform an automated count of
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dead cells, with a size range of 5-25,000 pixels and circularity range of 0.1-1. For 3D analysis, "3D
projects" were created on the small images with numerous z-steps. This enabled the creation of
a 3D visualisation of the insertion holes, specifically by rotating the stack by 90°, which resulted in
the generation of a cross-sectional view of the retinal layers.

In vitro recordings from human brain slices

The preparation of human brain slices was done by the neurology clinic at Uniklinik RWTH
Aachen in accordance with published protocols [181]. Approval was obtained from the ethics
committee of the University of Aachen (EK067/20) and written informed consent was obtained
from all patients. The human neocortical brain slices were obtained from patients undergoing
surgical treatment for epilepsy. The tissue in focus is "access tissue" situated outside the epileptic
focus, which has been resected in order to gain access to the pathology. To ensure the integrity
of the tissue, the cortex was carefully microdissected and resected with minimal use of bipolar
forceps. Subsequently, the tissue was transferred directly into ice-cold aCSF (see Appendix C.1.2),
equilibrated with carbogen gas. Once the pia mater had been removed, the tissue chunks were
trimmed using a Microm HM 650V vibratome (Thermo Fisher Scientific Inc.) at a vertical angle
relative to the cortical surface, thereby encompassing all six layers of the cortex in the resulting
slices. Afterwards, the slices were cultured according to pre-published protocols [181] or directly
transferred to Forschungszentrum Jilich for acute recordings. Upon arrival at the IBI-3 laboratories
at Forschungszentrum Jlich, the slices were placed into fresh aCSF at 36 °C oxygenated with
carbogen. For the purpose of electrophysiological recordings, the brain slices were positioned on
donut-shaped filter papers, secured with insect pins, and placed within the perfusion chamber of
the electrophysiological setup.

The modulation of spiking activity by adjusting the extracellular ionic concentration of human
brain slices was performed in accordance with the methodology described in [157]. The tissue
was initially perfused with normal aCSF medium, and spontaneous activity was recorded. Sub-
sequently, the perfusion system was used to administer a solution with a high concentration of
potassium until a depolarization block was observed. To achieve this, an elevated extracellular
concentration of K+ was generated by supplementing the standard aCSF medium with additional
potassium bicarbonate (KHCO3), resulting in a K concentration of at least 20 mM. Once the
desired effects were observed, the perfusion with the standard aCSF medium was resumed after
2 - 3 minutes.

Epileptic-like activity was induced by adjusting the extracellular ion concentration in order to
study the spread of epileptic activity through the neural tissue. In accordance with the methodology
described by Pallud et al. [182], the aCSF medium was modified by increasing the K+ concen-
tration to 8 mM and reducing the magnesium ion (M g?*) concentration to 0.25 mM. Following the
introduction of the modified aCSF medium, recordings were conducted for a period exceeding 60
min to assess the recurrence of seizure-like events.

A histological analysis was conducted using antibodies targeting the neuronal marker neuron-
specific nuclear protein (NeuN) (MAB377, MilliporeSigma (Merck), 1:1000; anti-mouse A48287
(AF555), 1:750) and the microglia/ macrophage marker ionized calcium-binding adaptor molecule
1 (Iba-1) (19-19741, Wako Chemicals, 1:1000; anti-rabbit A32732 (AF488) 1:750). Additionally,
the nuclear stain 4’-6-diamidino-2-phenylindole (DAPI) (D9542-1 mg, MilliporeSigma (Merck), 285,
5 nM) was utilized. The human brain slices were washed three times in PBS, incubated for one
hour in 15% sucrose, washed again three times with PBS, and then blocked for two hours with
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10% goat serum (with PBS-T-T). Subsequently, the samples were incubated with the primary
antibodies for a period of three days, after which they were washed again in PBS. Thereafter, the
samples were incubated overnight with the secondary antibodies. Following another washing step,
the slices were each stained with 250 pl DAPI and then washed again before being immersed in
fluoromount.

3.4.2. In vivo experiments

The surgical procedure for in vivo cortical applications was conducted in accordance with the
previously described protocols in reference [41][177]. The mice utilized in the in vivo experiments
were bred at the Institute of Biology 2 in Aachen, and the in vivo surgeries were performed with the
help of Prof. Dr. Simon Musall (IBI3, Forschungszentrum Jilich, and Institute for Zoology, RWTH
Aachen University). The in vivo surgeries, wide-field imaging and histology (brain sectioning and
confocal imaging) were performed at the Institute of Biology 2 in Aachen with the help of Prof.
Dr. Simon Musall and Peter S. Graff (IBI3, Forschungszentrum Jalich, RWTH Aachen University).
The tissue stainings were performed at the Uniklinik Aachen with the support of Dr. med. Henner
Koch (Department of Epileptology, Neurology, RWTH Aachen University Hospital).

Surgery for in vivo cortical applications

The setup for in vivo surgeries of anesthetized mice equally consisted of the ME2100-System
(Multi channel systems, Germany) and two micromanipulators for holding the probe and the inser-
tion rod (MTM-3, World Precision Instruments, and uMp4, Sensapex, Finland). For maintaining
the mice body temperature, the setup contained a heating pad as well as a sterotaxic frame to fix-
ate the head of the mice. A camera (Leica Microsystems, Germany) was used to capture videos
and pictures during the surgery. In order to guarantee the attainment of a high SNR during electro-
physiological recordings, all metallic components of the experimental apparatus were grounded.

Prior to the surgical procedure for in vivo cortical applications, analgesia was given to the
animals by subcutaneously injecting buprenorphine (0.1 mg/kg) and carprofen (4 mg/kg). In ad-
dition, local application of bupivacaine was used for local analgesia. The mice were placed on
a heating pad to maintain their body temperature and then placed in a stereotactic frame and
anesthetized with 1-5% isoflurane throughout the surgical procedure (Figure 3.6A). To ensure
stable and low-noise signal recordings, a reference pin was positioned on the cerebellum. The
skin covering the skull of the anesthetized mice was incised and retracted laterally in a gentle and
controlled manner, following the initial incision. Then, a craniotomy with an approximate diame-
ter of 4 mm was performed on one cerebral hemisphere utilizing an orthopedic drill (Eickemeyer,
Germany). Subsequently, the exposed surface of the dura was cleaned and covered with PBS.
Then, a minor incision was made in the dura. Following this initial incision, the dura was carefully
removed with a hooked needle in order to facilitate access to the cortex. The 3D neural implants
were then implanted into the somatosensory or visual cortex, according to the experimental de-
sign. To facilitate the insertion process, the neural probes were initially positioned on the surface of
the dried cortex using a 3-axis micromanipulator (MTM-3, World Precision Instruments, Germany).
Subsequently, an insertion rod, fixed to a second micromanipulator (uMp4, Sensapex, Finland),
was utilized to guide the implant’s insertion into the neural tissue (Figure 3.6B). The insertion was
conducted with incremental step sizes between 100 and 250 um and a velocity of 200 to 4000
pum/s. Following the successful insertion of a 3D probe into the visual cortex, a glass window was
affixed to the implant. Subsequently, the implant was secured to the skull using dental cement.
Animals used for chronic implantation, were treated with analgesia for 3 days using a combination
of oral administration (buprenorphine, 0.1 mg/ml in drinking water) and subcutaneous injections
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(carprofen, 4 mg/kg). After allowing the animal to recuperate, it was utilized for visual stimulation
experiments, wherein it was exposed to stimuli of varying complexity.

A Micromanipulator for B
Micromanipulator insertion rod
for headstage

Micro-
manipulator
controller

PCB

Insertion rod

Reference pin

Head bar

Heating pad Stereotactic frame

Figure 3.6.: Setup for in vivo electrophysiological recordings. For the in vivo trials the mice were placed on a heating pad and
fixated with a stereotactic frame (A). Two micromanipulators were used for insertion: One to position the neural implant,
which was connected to the headstage (A), and another one for the insertion rod (B). A reference pin (B) was used for
low-noise signal recordings. For visual stimulation, the awake mice were placed in another setup were they could move
on a turning wheel while being exposed to visual stimuli on a screen (C, image from [177])

Widefield imaging

Widefield imaging was performed prior to the surgeries to identify an appropriate cortical region
for implantation, where a discernible stimulation response was evident. The imaging data were
generated and processed at the Institute of Biology 2 in Aachen. A custom-built setup compris-
ing a tandem-lens macroscope and two 85 mm objectives (Walimex Pro 85mm f/1.4 IF; Walimex,
Gernaby) was employed for this purpose. Images were acquired with a sCMOS camera (Edge 4.2,
PCO, Excelitas, USA) using a Python-based software package [183] at a frame rate of 30 Hz and
a resolution of 512 x 512 pixels. The acquisition of frames was conducted under alternating illumi-
nation using a blue LED (470 nm, M470L3, Thorlabs, USA) and a violet LED (405 nm, M405L3,
Thorlabs, USA). The GCaMP6s fluorescence signals were isolated using a 525 nm emission fil-
ter (86-963, Edmund Optics) in front of the camera. Images captured under violet illumination
demonstrated calcium-independent fluorescence at the isobestic point of GCaMP57, which is a
genetically encoded calcium indicator [184]. Thus, by subtracting the calcium-independent signal
linearly rescaled from the calcium-dependent signal acquired under blue illumination, it was pos-
sible to eliminate the intrinsic signal resulting from hemodynamic fluctuations. The images were
subsequently processed further through the application of self-written MATLAB scripts (MATLAB
R2019b, MathWorks).

Stimulation of living mice

Tactile stimulation was used to record neural responses from the somatosensory cortex dur-
ing widefield or electrophysiological recordings. The custom-built tactile stimulator (Figure 3.4),
comprising a rod attached to a small servomotor (TGY-306G-HV) was controlled by a Teensy 3.6
microcontroller (PJRC LLC). The rod was programmed to apply mild pressure to the hindlimb for
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a duration of one second every five seconds to elicit electrophysiological responses from the so-
matosensory cortex. This procedure was repeated for a total of 50 trials. The cortical responses
to tactile stimulation during widefield imaging were calculated by determining the averaged cortical
activity within the first 150 ms following tactile stimulation. To investigate the electrophysiological
responses using 3D implants, the ON time of the stimulator was collected via the SCU of the
ME2100-system. Then, the spiking activity during the stimulation was compared against the time
outside of the stimulation window. The LFPs were investigated for a window of 500 ms after the
onset of the stimuli.

Visual stimulation was conducted in an apparatus designed for awake mice (Figure 3.6C). The
mice were permitted to move freely within a rotating wheel while being exposed to visual stimuli
of varying complexity on a screen. To identify the location of visual cortical regions, retinotopic
mapping [185] was performed during widefield imaging. To this end, a technique was employed
involving the presentation of continuous, periodically drifting bars with a flickering checker pat-
tern, characterized by a patch size of 20° and contrast reversal at 3 Hz. The generation of these
stimuli was facilitated by the Psychtoolbox, implemented within the MATLAB environment. The
patterns were masked, ensuring their visibility was constrained to a 15°wide bar aperture, which
traversed the screen at a rate of 0.5 Hz, encompassing all four cardinal directions in a random-
ized sequence. The stimuli encompassed approximately 120° horizontally and 80° vertically of
the mouse’s visual field and were pre-rendered in advance. A spherical correction was applied to
compensate for distortions caused by the presentation on a flat monitor. The monitor (XL2420T,
BenQ, Taiwan) was positioned at an angle of 20° to the midline and tilted 10° above the animal.
The eye was positioned at the horizontal center of the monitor, 30 mm above the lower edge of
the monitor, and the stimulus presentation was adjusted accordingly. By combining functional
responses and anatomical landmarks, the imaging data were mapped to the Allen Common Coor-
dinate Framework (ACF) [186] to reliably identify the location of the primary visual cortex and the
surrounding higher visual areas [187]. In order to elicit diverse neural responses across cortical
regions, which were captured with the 3D implants, a basic moving grating stimulus or a more
complex broadband random phase texture was utilized. The initial stimulus consisted of a full-field
horizontal grating with a spatial frequency of 0.04 cpd, moving with a temporal frequency of 1 Hz.
The second stimulus consisted of a full-field array of localized moving gratings characterized by
random positions, encompassing orientations between 0 and 45 degrees and spatial frequencies
between 0.004 and 0.4 cpd. The experiment involved the pre-rendering of all stimuli in Matlab and
their presentation for a duration of five seconds, followed by a five-second inter-stimulus interval.
During this interval, a mean gray screen was displayed. The sequence of gratings and broadband
stimuli was randomized, with a total of 50 repetitions being conducted for each condition.

Post-explantation inspection and histology

The implanted region as well as the neural interface were inspected after implantation according
to the protocols published in [41][177]. The extracted implants were optically inspected using
SEM and the rodent brains were sectioned, stained and inspected using confocal imaging and
fluorescence microscopy.

The positioning of the implant within the brain was investigated by utilizing a fluorescent dye.
To this end, the 3D MEAs were coated with a fluorescent infrared dye (DiD V22887, ThermoFisher,
USA) that had been dissolved in ethanol prior to implantation. For this procedure, a 10 pL drop
of the DiD solution was placed on the implant, resulting in a thin layer of DiD being deposited
on all shanks or pillars after the ethanol fully evaporated. Subsequent to the insertion of the
implant, the probe remained in the tissue for approximately 30 minutes. Following the slicing of the
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brain, the slices were mounted on cover slides and fixed with mounting medium containing a DAPI
stain (Fluoromount, Thermofisher, USA). The cover slides were then sealed with nail polish, and
confocal microscope images of the cortical slices and the pillar implantation sites were obtained.

The brain was sectioned at the Institute of Biology 2 in Aachen. Prior to the initiation of perfu-
sion, the mice were anesthetized with 5% isoflurane in oxygen and administered additional anal-
gesia (buprenorphine, 0.1 mg/kg). Subsequently, a lethal dose of pentobarbital (150 mg/kg) was
injected, and the mice were perfused with PBS following the termination of the respiratory reflex.
After that, the mice were perfused with 4% paraformaldehyde (PFA). Subsequently, the implants
were meticulously retracted, and the brain was carefully evacuated from the cranial cavity. The
brain was then subjected to an additional period of fixation for one day, after which it was prepared
for cryosectioning. For the purpose of cryoprotection, 10% sucrose in 1x PBS was used to im-
merse the brains overnight, followed by 30% sucrose in 1x PBS until sectioning. The frontal lobe
and cerebellum were dissected and the remaining brain was immersed in Tissue-Tek O.C.T.7M
compound and frozen. A LEICA CM3050 S cryostat with a chamber temperature of -23 °C and
an object temperature of -21 °C was used for sectioning. The frozen brain was sectioned horizon-
tally at a thickness of 20 um. Sections were collected on adhesive slides (Epredia”™ SuperFrost
Plus™™), dried, and stored at -80 °C until staining.

Staining of rodent brain sections was performed in a manner similar to that of human brain
slices using antibodies NeuN and Iba-1 as well as DAPI staining at University Hospital in Aachen.
After thawing and drying, the brain slices were washed in PBS, incubated in PBS-TT for 30 min,
washed three more times in PBS, and blocked in 10% goat serum for 60 min. They were then
incubated with the first antibody overnight, washed again, and incubated with the second antibody
for 90 min, followed by a final wash. Samples were then stained with DAPI, washed and incubated
in 200 pl TrueBlack (Cat. No. 23007, Biotium, USA) diluted 1:20 in 70% ethanol for 30 s. The
samples were embedded in Fluoromount after a final wash.

Images of mouse brain slices were obtained using an Echo Revolution fluorescence micro-
scope (ECHO, Germany) and a confocal laser scan microscope (Zeiss LSM 710, Germany). Con-
focal images were obtained at a 10x magnification with a pixel dwell time of 1.24 us and laser
wavelengths of 405 nm (blue), 488 nm (green), 561 nm (red), and 630 nm (far red) with laser
powers of 2.6%, 2.2%, 1.0%, 3.0%, and a gain of 720, 780, 800, and 750, respectively. Confocal
images at a 20x magnification were obtained with a pixel dwell time of 0.93 us, and laser wave-
lengths of 405 nm (blue), 488 (green), 561 (red), and 63 3 (far red) with laser powers of 1.5%,
1.0%, 1.0%, 1.0%, and a gain of 620, 720, 800, and 670, respectively

Images were processed using ImagedJ [180]. First, ROIs were selected using the wand tool.
Subsequently, the image was separated into channels and the threshold was adjusted. The wa-
tershed algorithm was then employed to separate overlaying cells. The particles were enumerated
for the blue (DAPI) and red (NeuN) channels. To calculate the mean gray values within the ROI
and a reference ROI (500 x 500 um, placed 500 um away from the implantation site), the relative
fluorescence intensity was determined.

3.4.3. Processing of electrophysiological recordings

The data files acquired with the ME-2100 system and the Multi Channel Experimenter software,
were first converted into hdf5-files using the Multi Channel DataManager software (Mutlichannel
systems, USA). The McsMatlabDataTools Matlab toolbox [188] and self-written scripts were used
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to import and offline process the hdf5-files as reported in [41][177]. The raw traces were band-
pass filtered with cut-off frequencies of 100 Hz and 3 kHz using a zero-phase 6th order Butterworth
filter to extract spiking activity. The LFPs were low-pass filtered at 100 Hz. The high-frequency os-
cillation (HFO)s were filtered with a 10th order Butterworth bandpass filter with cut-off frequencies
of 250 and 350 Hz. Spike sorting was done using the UltraMegaSort2000 algorithm [189].

The SNR was calculated as the ratio of the spike amplitude divided by the standard deviation of
the noise, which corresponded to a 10-ms-long period of the signal devoid of any spiking activity.

More specific processing exceeding these basic descriptions are explained in the corresponding
section of each application.

3.5. Statistical analysis

Throughout this work, data is shown as mean + standard deviation if not stated otherwise. Sta-
tistical testing was performed with self-written scripts in Matlab (The MathWorks Inc., USA) using
the “Statistics and Machine Learning” toolbox. Normality of data was tested applying the Lilliefors
test. For post-hoc pairwise testing, Bonferroni correction was applied. All statistical tests were per-
formed with a confidence interval of 95%. P-values less than 0.05 are indicated with an asterisk
(*), p-values < 0.01 with (**), and p-values < 0.001 with (***), respectively. Table 3.1 summarizes
the applied tests throughout the manuscript.

Testes parameter Section  Applied statistical tests

Electrochemical impedance 5.1 Unpaired t-tests

Mechanical properties during aging test 5.3 One-way ANOVA and post-hoc pairwise t-tests
Insertion footprint (Dead cell count and ITA) 6.3 Unpaired t-tests

Firing rate before vs. during a seizure-like event (SLE)  7.1.2 Paired t-test

Table 3.1.: Summary of the statistical tests applied in this work.
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4. Development of flexible 3D neural implants

Two types of flexible 3D probes were developed, characterized, and extensively validated in cadav-
eric, in vitro, and in vivo applications: A) Kirigami electrodes fabricated by a matched-die forming
technique (KiRi) [177][190] and B) 3D printed electrodes on flexible substrates (PiRi) [41][191]
(Figure 4.1). The PiRi process was established and the molds for the KiRis were developed in col-
laboration with Dr. Ing. Jamal Abu Shihada (IBI-3, Forschungszentrum Jilich, and RWTH Aachen
University) [192]. The PiRis are currently fabricated and further optimized by Simon Decke (IBI-3,
Forschungszentrum Jilich, and RWTH Aachen University). Further discussions of the 3D printing
and electrodeposition processes of the PiRis can be found in [192].

The contents of this chapter are reproduced from the following works:

e J. Abu Shihada* and M. Jung*, S. Decke, L. Koschinski, S. Musall, V. Rincén Montes, A.
Offenh&usser. "Highly Customizable 3D Microelectrode Arrays for In Vitro and In Vivo Neu-
ronal Tissue Recordings". Advanced Science 2024, DOI: 10.1002/advs.202305944 (*Equal
contribution)

e Patent application: Shihada, J.A., Offenhdusser, A., Jung, M., Rincon Montes, V., Koschin-
ski, L. “ Herstellung dreidimensionaler Elekiroden mittels schablonengestltzter elektro-
chemischer Abscheidung ”. Patent application: DE 102023102460.4; PCT/EP2024/0521786,
filed on February 1, 2023.

e M. Jung, J. Abu Shihada, S. Decke, L. Koschinski, P. S. Graff, S. Maruri Pazmino, A.
Hollig, H. Koch, S. Musall, A. Offenhdusser, V. Rincon Montes. "Flexible 3D Kirigami
Probes for In Vitro and In Vivo Neural Applications". Advanced Materials 2025, DOI:
10.1002/adma.202418524

e Patent application: Rincon Montes, V., Jung, M., Shihada, J.A., Offenhdusser, A., Koschin-
ski, L. “Herstellung dreidimensional strukturierten Elektrodenlagen, insbesondere im
Kirigami-Prinzip”. Patent application: DE 102023102257.1; PCT/EP2024/051829, filed on
January 30, 2023.

A Kirigami Structures (KiRi) B 3D printed Structures (PiRi)

B

Figure 4.1.: Concepts for the development of 3D neural implants: Kirigami electrodes (A) and 3D printed electrodes (B).
The fabrication of both types of 3D flexible implants commenced with the fabrication of 2D

flexible MEA as described in section 4.1. In the following sections, the KiRi and PiRi processes
are described.
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4.1. Fabrication of flexible MEAs for 3D implants

The fabrication of 2D flexible probes (Figure 4.2) involved the deposition of two flexible thin film
layers, and one metal layer. While the 2D fabrication process is based on preliminary work as
described in section 3.1, the processes were adjusted and optimized to meet the requirements
for this study, as described in the following section. All steps were conducted in a certified clean
room environment to ensure a stable fabrication process [193]. Further details of the fabrication
process are given in the appendix section A.1.

1. Substrate layer

D —

2. Metallization

[+

3. Passivation layer

/_

4. Shape and openings W
J L [ Flexible layer (PaC)
— /AT
_ _ _ _ & Ti/Au/Ti
/ [ Photoresist LNROO3
I | [ Photoresist AZ12XT
Top view Side view

Figure 4.2.: 2D flexible MEA fabrication process flow. The process consists of the substrate deposition (PaC), a metallization step,
passivation layer deposition (second PaC layer) and the etching of the shape and openings for electrodes and contact
pads.

4.1.1. Fabrication protocol for a 2D flexible microelectrode array (MEA)
1. Substrate layer

For fabrication of 2D flexible MEAs, 5 um PaC were first deposited on a host Si-wafer via CVD as
described in section 3.2.1. A PDS 2010 Labcoater 2 (Specialty Coating Systems Inc., USA), 10 g
of PaC dimer, and a process vacuum pressure of 25 mTorr were used for the deposition.

2. Metallization

Subsequently, a metallization process was conducted utilizing photolithography processes, e-
beam assisted evaporation and a lift-off technique as described in section 3.2.1 and 3.2.1 (Figures
4.2, and 4.3A,B). In this step, the metal base layer for contact pads, feedlines, and electrodes was
patterned. This was accomplished by spin-coating the negative photoresist AZ LNR-003 (Micro-
Chemicals GmbH, Germany) at 4000 rpm for 45 seconds with a ramp of 500 rpm/s. AZ LNR-003
was selected as it allows for feedline widths < 3 um and a strong undercut for a reliable lift-off
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process. This was followed by a soft-bake at 120 °C for 2 min on a direct contact hot plate. Sub-
sequently, the photoresist was exposed at 320 mJ/cm? with a defoc of 2 and a critical dimension
bias (CDB) of 800 using UV radiation at 375 nm with an MLA (MLA 150, Heidelberg Instruments,
Germany). Then, a post-exposure bake step at 100 °C for 1.5 min on a direct contact hot plate
was conducted, followed by a developing step in AZ 326 MIF (MicroChemicals GmbH, Germany)
for 90 s and a cleaning step in deionized water. The results of the patterned AZ LNR-003 layer are
visualized in Figure 4.3A. Subsequently, the wafer was evaporated with a metal stack comprising
20/100/10 nm of Ti/Au/Ti, utilizing an electron-beam assisted evaporation apparatus (Balzer PLS
570, Pfeiffer, Germany). In this instance, a tungsten liner was employed, with deposition rates of
0.1 and 0.5 nm/s utilized for Ti and Au, respectively. After that, a lift-off process was conducted in
an acetone bath for a period of 2.5 - 3 hours, with the objective of removing the sacrificial material
and photoresist (Figure 4.3B). Following the lift-off process, the wafer was rinsed in isopropanol
for a period of 2 min and subsequently dried with the use of a nitrogen gun. It is also possible to
perform the UV exposure step using standard UV photolithography with the aid of a broad band
MA (Siiss MA8/BA8, Germany), with a dose of 100 mJ/cm?2. Nevertheless, the MLA provides the
advantage of rapid adaptation to design alterations due to the lack of necessity for photo masks
and the direct implementation of designs via the MLA150 software.

100 um

Figure 4.3.: 2D flexible MEA fabrication process results. A) Patterned LNR0O03 on PaC substrate, B) after lift-off, C) patterned
AZ12XT, D) after RIE.

3. Passivation layer

A second flexible PaC layer with a thickness of 5 um was deposited as described in step 1. This
layer served as the passivation of the feedlines.

4. Shape and openings

In this phase, the flexible polymer passivation was removed from the electrodes, contact pads,
and the device’s outline. First, an etch mask was created using a thick positive photoresist (Figure
4.3C). The etch mask was patterned on the final PaC layer by spin-coating the photoresist AZ
12XT (MicroChemicals GmbH, Germany) at 1000 rpm for 180 seconds with a ramp of 200 rpm/s.
After performing a soft bake using a hot plate at 110 °C for 4 min, the material was exposed to
UV at 375 nm with a maskless aligner to a dose of 350 mJ/cm?, a defoc of 2, and a CDB of -800.
Subsequently, the wafer was exposed to a post-exposure bake, which involved heating it on a hot
plate at 90 °C for one minute. This was followed by a developing step of 2 min, during which AZ
326 MIF was used. Following the patterning of the etch mask, a RIE step was conducted using
an oxygen/carbon dioxide (O,/CF4) gas mixture of 36/4 sccm, respectively, with radio frequency
(RF) and inductively coupled plasma (ICP) powers of 50/500 W, with the objective of etching
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PaC (Figure 4.3D). A second RIE step was performed to etch the top 10 nm Ti layer using an
Oy/argon (Ar) gas mixture of 20/20 sccm with an RF power of 150 W for 1:15 min. Following RIE,
the etch mask was stripped using AZ 100 remover (MicroChemicals GmbH, Germany) in a two-
bath system. In the initial bath, an ultrasound bath with low power was employed for a duration of
5 min, followed by a second bath utilizing fresh AZ 100 remover without ultrasound. Subsequently,
the wafer underwent a rinsing process in three baths of isopropanol.

4.1.2. Challenges of the 2D microelectrode array (MEA) fabrication

During the microfabrication of the 2D flexible MEAs several challenges were encountered. As
described in the following sections, most of these challenges could be addressed to a certain
extent.

The photolithography step for the metallization process required optimization. In contrast to
previous works, an MLA was employed in preference to an MA due to the advantage it offers of
not requiring a photo mask, but only a CAD design file converted by the software. Consequently,
an effort was made to optimize the photoresist AZ nLOF2020, which had been utilized in previous
works (such as in [156]). Nevertheless, despite repeated attempts at optimization, residual pho-
toresist remained at the feedlines, resulting in an unsharp feedline profile (Figure 4.4A;), which
may have implications. For instance, it was not feasible to pattern metal feedlines with a width of
< 3 um (Figure 4.4A;;). Furthermore, the formation of irregularities in the PaC passivation layer,
which were observable after the stripping of the resist (after RIE), were attributed to the aforemen-
tioned resist residues and may be an indication of water entering the structure (Figure 4.4A;;;).
The long-term impact of this phenomenon is yet to be determined. It was thus decided to employ
AZ LNRO0O03 instead, which led to clean feedlines without irregularities in the PaC passivation after
resist stripping (Figure 4.4A;,). Optimization of the resist was required in order to create long
feedlines that were closely spaced. At a dose of 240 mJ/cm?, AZ LNR0O03 was observed to lack
stability between long and closely spaced (< 5 um) feedlines (Figure 4.4A,, black arrow). In con-
trast, a dose of 320 mJ/cm? resulted in the attainment of clean feedlines of width ~ 2 um (Figure
4.4A,;). Another beneficial outcome was the reduction in exposure time for a 4-inch wafer with
AZ LNRO003 and a dose of 320 mJ/cm?, which required ~ 1 h, a duration that is only half of the
exposure time required for AZ nLOF2020 (exposure dose of 670 mJ/cm?).

Irregularities in the metallization layer were observed while depositing the Ti/Au/Ti layer on
PaC via e-beam assisted evaporation. The utilization of a tungsten liner that was thermally insu-
lated proved effective in eliminating the Au bumps that were observed on the PaC surface (Figure
4.4B). It is crucial to ensure that the Au surfaces are free of contamination and irregularities, such
as bumps, to guarantee a uniform current density during electrodeposition of subsequent electrode
coating material. Otherwise, the coating adhesion and long-term performance may be affected.

The occurrence of micro-cracks in the PaC layer during RIE was attributed to thermal stress
(Figure 4.4C;), a phenomenon previously documented by [194]. The majority of observed micro-
cracks were located at sharp edges of the structures, from which they extended, thereby resulting
in the exposure of the feedlines from the PaC passivation or even damaging them. Thus, in the
design of the outline of the shape for the flexible probes, it is of great importance to utilize rounded
edges in order to limit the stress. Given the etch rate of 0.8 um/min for PaC [156], a total etching
time of 15 min can be expected for a 10 um thick PaC layer. However, the etching process was
observed to exhibit inhomogeneity, with a more pronounced effect observed in the central region
of the wafer in comparison to the surrounding areas. To circumvent the formation of micro-cracks,

Page 58 of 215



3D neural implants for in vivo applications

Photolithography optimization for metallization

Au bumps on PaC surface

C Cracks in PaC after RIE

D FIB-cut after RIE
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Figure 4.4.: 2D flexible MEA fabrication challenges. A) Photolithography optimization for the metallization. Optimizing the pho-
toresist AZ nLOF2020 did not succeed using the MLA150 due to resists residues on the feedlines (i), which led to
irregularities in the PaC passivation (iii) and the inability to achieve structures < 3 um (ii, black arrow). In contrast, the use
of AZ LNROO3 resulted in clean feedlines (iv). The exposure dose of AZ LNR0O03 had to be optimized for closely spaced,
long feedlines (v) to at the end achieve clean feedlines down to ~ 2 pm (vi). The metallization step itself was optimized
to prevent Au bumps on PaC (B; and B;;). The RIE step needed to be optimized to avoid cracks in PaC (C; and C;;).
However, the FIB-cuts after RIE revealed that the Au layer was thinner at the electrode (D;;) in comparison to the feedline
(Dy).

the dry etching process was conducted in a stepwise manner, with the wafer undergoing optical
inspection after 12 min and subsequently at one-minute intervals. As a result, the formation of
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minor cracks was largely prevented (Figure 4.4C;;). As an alternative, the AZ12XT layer should be
made thicker in order to provide additional protection for the PaC layer. Furthermore, an aluminum
ring was utilized to prevent the wafer from contacting the clamps within the RIE machine chamber,
where it could otherwise become stuck due to photoresist melting. However, resist-free edges of
the wafer, as previously described in [156], were still employed to further minimize the thermal
stress and thereby the occurrence of micro-cracks.

The thickness of the metal layer was investigated using FIB-cuts, which were employed to
reveal the side profile of the samples. The electrode area, which was etched open using RIE,
and the feedlines, which were embedded between two layers of PaC, were then inspected and
compared using SEM. At the electrode site, a first RIE step was utilized to remove the PaC
passivation. During this step, it is essential that the Ti-etch stop layer protects the underlying
Au layer throughout this process. Subsequently, the Ti layer was removed in a second RIE step,
thereby exposing the underlying Au layer. In contrast, the feedlines remained unaffected by the
RIE steps. The FIB-cuts revealed that the Au/Ti layer was ~110 nm thick at the feedlines (Figure
4.4D;), which is consistent with expectations. However, the Au layer at the electrode was only
approximately half as thick (52 nm) 4.4D;i). This indicates that the RIE step is not functioning
optimally, with a significant portion of the Au layer undergoing etching. Further investigation and
improvement of this process are necessary to ensure a stable Au layer at the electrode.

4.2. 3D flexible kirigami implants

For kirigami implants, matched-die forming was used to form a 3D implant from the 2D MEA.
Therefore, the design of the 2D MEA was created in such a way that mechanical actuation can
be employed to fold the shanks at a 90 ° angle by sandwiching the 2D flexible probe between a
lower and upper mold (Figure 4.5). The lower mold was composed of blocks positioned at the
locations where the shanks are to be situated. The upper mold was constructed with walls that
ensure uniform pressure upon folding. The lower and upper molds, as well as the 2D flexible
probe, were designed to fit inside each other according to a key-lock principle, which facilitated
alignment. The stack of molds and the 2D flexible probe were gently pressed together, resulting in
the simultaneous folding of all shanks. Following the thermoforming at 160 °C, the flexible probe
was separated from the molds, and the shanks maintained their folded position.

4.2.1. 2D design and fabrication for kirigami implants

For kirigami implants, three to four electrodes were positioned on a single shank, which is intended
to penetrate electrogenic tissue (similar to flexible 2D BIMEA probes [155]). In order to achieve
a successful parallelized kirigami approach, the design of the 2D pattern exclusively matched the
molds of the lower mold enabling the parallel folding of the shanks. The 2D pattern comprised
the cut-outs of the structures that were folded into the 3D dimension, in addition to openings for
electrodes and contact pads, as well as the outline of the shape of the implant. The implant design
included the contact pad area, which facilitated a further connection with a PCB, a flexible cable,
and the shank holder, encompassing the outline of multiple shanks, each comprising multiple
electrodes (Figure 4.6).

The objective was to develop an intraretinal application, which led to the design of the KiRiRet
implant (Figure 4.6A). In this instance, the flexible cable was available in lengths of either 1, 1.5,
or 2 cm, contingent on the intended application and the animal model (e. g., mouse, rat, or rabbit,
respectively). The shank holder (Figure 4.6A;; and Figure 4.7A;) was composed of 32 shanks,
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Figure 4.5.: Fabrication of a 3D kirigami implant from a 2D MEA. The 2D flexible MEA is sandwiched between two molds which
allows for the simultaneous folding of all shanks in an upright position (modified from [177]).

u
2D flexible probe

tributed in a uniform manner at intervals of 100 um across the shank holder Each shank (i. 1 i.2,
i.3, and i.4) contained three or four electrodes with a vertical inter-electrode distance of 12 pm.
The diameters of the stimulation and recording electrodes were 25 pm for i.1 and 15 pm for i.2-4,
respectively. At the folding point, the feedlines were less than 3 um wide, whereas at the holder’s
remaining regions, they had a width of 4 um and 5 pym at the cable. Furthermore, to mitigate
the mechanical stresses associated with folding, meander structures were incorporated into the
feedlines at the folding point of the shanks (Figure 4.6A;;;) and compared with straight feedlines
(Figure 4.6A,;,).

To facilitate access to all three dimensions of the target tissue (including the surface), the KiRiRet
implant incorporated surface electrodes for epiretinal coupling. Additionally, a surface electrode
with a diameter of 230 pm was implemented which can be used as a reference/counter electrode
during electrical stimulation or recording, or for impedance measurements. To ensure the proper
functionality of the internal reference/counter electrode (low impedance), a geometric surface area
of ~ 1.5 times the surface of all the recording/stimulating electrodes was considered.

The KiriCor implant (Figure 4.6B) was designed for intracortical applications. The device com-
prised eight or ten shanks with three or four electrodes positioned over the shank holder (Figure
4.6B,;), with an inter-shank distance of 250 um. As a proof of concept, the electrodes were dis-
tributed along the 500 um long shanks with a pitch of 80 um with the objective of recording from
different cortical layers (Figure 4.6B;;; ;). It is important to note that breaking points were added
along the length of the KiriCor shanks to prevent them from moving due to electrostatic forces
after the formation of the cut-outs and before the assembly of the folding process. This ensured
the correct alignment of the 2D pattern of the flexible probe onto the lower mold. Then, under the
influence of the mechanical forces exerted during the folding process, the breaking points were
subject to cracking, thereby facilitating the upright folding of the shanks. The width of the breaking
points and the width of the cut-out were optimized in order to create a thin breaking point that
would be strong enough to survive the mechanical forces until the folding process, while also be-
ing able to break easily upon folding. Here, the dimensions of the breaking points were influenced
by the limited resolution of the etching step. After patterning the etch match, the widths of the
cut-outs were 3 um, while the breaking points were 5 um wide. However, after dry etching, the
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Figure 4.6.: 2D MEA for kirigami implants: Design overview. Kirigami probes are either designed for retinal (KiRiRet, A) or cortical
(KiRiCor, B) applications. The probes consist of a contact pad area to connect the PCB, a flexible cable and a shank
holder (A; and B;) in both cases. The shank holder of the KiRiRet example holds 32 x 225 pm long shanks (A;;) with
3 or 4 electrodes while the KiRiCor example holds eight shanks with a length of 500 pm (B;;). The shanks have either
meander-shaped (A;;; and B;;;) or straight (A;, and B;,,) feedlines at the kink area (C) (modified from [177]).

resulting breaking points were only < 1 pm wide (Figure 4.7B; ;;, red arrow). As with the KiRiRet,
the KiriCor shank holder was equipped with surface electrodes for LECoG (micro electrocorticog-
raphy) recordings (Figure 4.7B;, green arrow).

For KiRiRet as well as KiRiCor implants, additional designs were tested to investigate the limita-
tions of the process, to adjust to the needs of a certain application or to determine the influence of
certain design parameters regarding the insertion impact. An overview of the designs is shown in
Figure A.3.
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Figure 4.7.: 2D MEA for kirigami implants: Fabrication results. A) The shank holder with 32 x 225 pm long shanks after resist
stripping and zoomed-ins of meander-shaped (ii) and straight (iii) feedlines. B) The probes also have surface electrodes
(green arrow). For long shanks (> 500 pm) breaking points were employed (red arrow). The images were taken before
(i) and after RIE (ii).

4.2.2. Mold design and fabrication

The molds were utilized to facilitate the folding of the kirigami structures. Two molds were designed
for each implant type (KiRiRet and KiriCor) and for each specific design configuration. Figure 4.8
depicts the CAD models of the lower (Figure 4.8A) and upper (Figure 4.8B) molds utilized for the
folding approach, serving as illustrative examples of the mold designs for the KiRiRet implant. The
positioning of the blocks responsible for the upward folding of the shanks was precisely aligned
with the location of the shanks within the two-dimensional pattern. The blocks on the lower mold
had a height of 260 um (slightly higher than the shanks) and a width of 46 um (slightly smaller
than the shanks). To reduce the contact surface area between the blocks and the shanks, ramped
sidewalls were implemented, with a length of 120 um at the top and 60 um at the bottom (Figure
4.8A;;). In addition to the aforementioned blocks, the lower mold also contained sidewalls that
correspond to the outline of the shank holder of the 2D flexible probe. This configuration allowed
for the straightforward manual placement of the 2D flexible probe into the mold, obviating the
necessity for a complex alignment setup. In addition to the features described for the lower mold
and the 2D flexible probe, the upper mold contained straight structural elements between the
outer boundaries. These elements ensure uniform pressure distribution across the 2D flexible
probe when it is pressed inside the lower mold in a controlled manner. The outer boundaries of
the upper mold fit perfectly inside the lower mold, ensuring facile alignment and the folding of all
shanks simultaneously. This facilitated manual manipulation of the folding process using tweezers
and a microscope, obviating the necessity for a micromanipulator. The outer boundaries of the
lower mold were not continuous in order to facilitate the removal of the 3D probe after folding and
thermoforming. The total area of the molds was approximately 2 x 2.3 mm for the upper molds
and 2.2 x 2.8 mm for the lower molds.

The fabrication of the molds was conducted using a 2PP 3D printer, the Photonic Professional
GT2 from NanoScribe GmbH. In this process, an erbium-doped femtosecond laser source (center
wavelength 780 nm) is focused into a liquid droplet of a 2PP negative photoresin. If the laser
power exceeds a certain threshold, the photoresin will undergo polymerization only in the focal
spot of the laser, thereby printing a single voxel of ~ 600 nm in x-y and 2.5 pm in z direction (using
a 25x objective). By printing several voxels the fabrication of highly complex structures with high
resolution is enabled. To achieve such molds, three main steps were followed:
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Upper molc‘l“

Figure 4.8.: Lower and upper mold for folding a KiRiRet implant. A) Lower mold (i) and zoom-in on one of the blocks (ii), B) upper
mold (modified from [177]).

1. Conversion of the 3D design: The molds were designed using CAD software and subse-
quently converted to print job instructions using Describe (NanoScribe GmbH, Germany).

2. 3D printing: A Zeiss 25X NAO.8 objective was utilized, and IP-S (NanoScribe GmbH, Ger-
many) was employed as the photopolymer material. The print recipe provided by NanoScribe,
designed for use with the 25X objective and IP-S, specifies a slicing distance of 1 um and a hatch-
ing distance of 500 nm. A scan speed of 100,000 um/s, a laser power of 100%, and a power
scaling of 1.2 yielded the optimal printing result, exhibiting sufficient resolution and stability of the
printed structure. As the mold is considerably larger than the dimensions of a single printed block,
which are defined by the print field of the objective (400 um x 400 um x 400 pm for the 25X ob-
jective) without stage movement, numerous blocks are printed in close proximity to construct the
entire structure. To guarantee the adhesion of the individual blocks, the block overlay was set to 2
pm in all dimensions. The height of each block was set to 200 um to prevent the objective, which
has a working distance of 380 um, from moving into the structure. Alternatively, the molds were
printed using a 10X microscope to decrease the printing time. Here, a scan speed of 50,000 pm/s,
a laser power of 100%, and a power scaling of 1 were employed. The molds were printed onto
a 2.5 cm x 2.5 cm ITO (indium thin oxide) coated glass substrate (NanoScribe GmbH, Germany)
that has been previously coated with 3 pm PaC, as described in section 3.2.1. The PaC coating
ensures high adhesion of the printed structure to the glass substrate.

3. Development: Following the printing process, a subsequent step entailed the removal of
residual photopolymer that has not undergone polymerization. This was achieved by immersing
the samples in a bath of Mr-Dev 600 developer for a period of 15 min, followed by another 5 min
in fresh Mr-Dev 600 solution. Subsequently, the molds were placed into isopropanol (IPA) for an
additional 5 min, after which they were air-dried.

4.2.3. 3D assembly
After the 2D flexible MEA was flip-chip bonded to a PCB as described in section 3.2.1, the probe

was subject to folding and subsequent thermoforming to create a 3D MEA out of the 2D flexible
MEA.
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Folding

Once the 2D flexible probes and the molds had been fabricated, the assembly of the components
was carried out in order to construct the 3D device. To facilitate the folding of the shanks, two
molds were employed. Initially, the 2D probe was positioned on the lower mold (Figure 4.9A).
This process was completed manually, utilizing tweezers and an appropriate microscope (Stereo
microscope Stemi DV 4, Carl Zeiss GmbH, Germany). A second pair of tweezers was employed
to align the 2D probe with the lower mold. The alignment was facilitated by the edges of the
lower mold, which allowed for precise positioning of the 2D probe within the mold and ensured
that the 2D probe remained in place. In the subsequent phase, the upper mold was retrieved and
oriented with its edges in a downward position. It was then gradually lowered until it was aligned
with the lower mold. The precise fit of the upper mold’s edges within the lower mold’s side walls
facilitated the alignment process. Once the upper mold was correctly positioned, it was lowered
until all shanks were folded simultaneously (Figure 4.9B). In the case of the long shanks (> 500
pm), the breaking points tore at the mechanical force that allowed the folding of the long shafts in
the upright position (Figure 4.11A, ;;).
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Figure 4.9.: Schematic of the folding process for kirigami implants. 2D flexible kirigami MEA in lower mold (A) and with upper
mold placed on top for folding of the shanks (B) (modified from [177]).

When a shank bends upwards, the top surface undergoes compression while the lower surface
experiences tensile strain. In accordance with the aforementioned observations, FEM simulations
conducted in COMSOL using the shell module indicate a maximum volumetric strain of -2.3% at
the center of the kink region on the top side and 1.2% on the bottom side. Figure 4.10 shows the
front side as well as the back side of a folded shank considering only PaC as material and neglect-
ing the metal structures. The maximum strain of 2.3% that occurs during folding does not damage
the PaC layer, as it remains within the linear elastic region of the material (Figure 4.11C). There-
fore, assuming a homogeneous volumetric strain distribution, the metal layer situated at the center
of the two 5 um-thick PaC layers is subjected to a strain of 0.55%, which is insufficient to cause
damage to Au [195]. Following the folding process, a PaC-metal-PaC sandwich structure devoid
of cracks was observed at the kink region of the shanks, as evidenced by SEM analysis (Fig-
ure 4.13). This finding suggests that the feedlines, including both straight and meander-shaped
configurations, remain intact despite the folding procedure.

An alternative approach was also considered, in which an upside-down process was explored.
In the alternative approach, the lower mold was designed with encompassing edges that could ac-
commodate the 2D flexible probe (Figure A.4A) [190]. Furthermore, the lower mold was equipped
with crossbars to guarantee an uniform distribution of pressure throughout the folding process.
The lower mold was positioned on an assembly table to create space for the shanks to fold. Then,
the 2D probe was placed on top of it. Subsequently, the upper mold was placed on the 2D probe
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Figure 4.10.: Simulation of the kirigami folding procedure using COMSOL Multiphysics. Front (A) and back (B) view of the probe
which was subjected to a displacement at the tip resulting in the displayed volumetric strain (in %) (modified from [177]).

with the blocks oriented downward (Figure A.4D). The edges of the lower mold once more facili-
tated the alignment. Once the upper mold was correctly situated, it was pushed downward to fold
all shanks simultaneously.

Nevertheless, the conventional folding methodology yielded more reproducible outcomes and was
therefore selected for the fabrication of 3D kirigami implants.

Thermoforming

PaC, which was utilized for the kirigami devices, is a thermoplastic material. The elevated tem-
peratures facilitate the rearrangement of the amorphous regions of the PaC, which results in the
softening of the material and enables the reshaping of its molecular structure. Thus, the folded
flexible MEA was thermoformed inside the lower mold (Figure 4.11A; ;). The polymeric material
then retained the new shape upon cooling and removal of the mold. The thermoforming protocol
was optimized to achieve an optimal balance between temperature and thermoforming time (Fig-
ure 4.11B). It is crucial for the thermoplastic material to possess a melting point that is inferior to
the glass transition temperature of the mold material. The potential for failure exists in the event of
elevated temperatures (> 170 °C), which may result in the PaC adhering to the mold even at short
dwell times (Figure 4.11B). The upper mold was removed to improve heat circulation during ther-
moforming and to reduce the risk of the PaC adhering to the mold material. To prevent adhesion
further, it may be beneficial to coat the molds with a thin metal film, or a soap such as Micro90.
However, in the case of PaC, it is necessary to consider that high temperatures (> 300 °C) per-
manently alter the material’s mechanical and optical properties, as reported in the literature [196].
Conversely, if the temperature is insufficient or the dwell time is too brief, the shanks fold back
immediately following their separation from the mold (Figure 4.11B). Accordingly, a thermoforming
protocol was devised comprising a gradual temperature increase of 4 °C per minute from room
temperature to 160 °C, a 60-minute dwell time at 160 °C, and a slow cooling phase (> 120 min)
until room temperature was reached. Subsequently, the 3D flexible probe and the lower mold were
separated using water droplets to facilitate the separation process.

To ascertain whether the mechanical properties of the PaC would undergo significant alteration
as a result of the thermoforming protocol, a tensile test was conducted on flexible PaC samples
that had been subjected to thermoforming processes at maximum temperatures of 160 °C or 200
°C. The results obtained were then compared to those of the untreated samples. The mechanical
properties of 10 um thick PaC stripes were assessed in accordance with the methodology outlined
in section 3.3.2. From the stress-strain curves (Figure 4.11C), the Young’s modulus of a 10 pm
thick PaC layer thermoformed at 160 °C, yielded a value of 1.70 GPa + 0.32 GPa. Accordingly, a
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Figure 4.11.: Thermoforming of the flexible kirigami MEA in the lower mold. A) A flexible probe with 500 pm long shanks is
positioned inside the lower mold (i). The zoom-in (ii) shows the remaining structures of the breaking points at the side of
the shank (white arrow). B) Optimizing the thermoforming protocol according to dwell time and temperature evaluating
the sticking of the flexible probe to the mold and the back-folding of the shanks (green: no, yellow: medium, red: high
risk of sticking/back-folding). C) Stress-strain curves of untreated (blue), thermoformed at 160 °C (green) and at 200 °C
(red) (mean * standard deviation of N = 7 or 8) (modified from [177]).

strain of up to 13.93% + 11.25% and a stress of 89.07 £ 6.92 MPa at break were achieved. At 200
°C, the Young’s modulus, as well as the stress and strain at break, exhibited statistically significant
differences in comparison to the untreated PaC stripes using a one-way ANOVA test with 95%
confidence interval. Conversely, thermoforming at 160 °C did not result in a notable alteration
in the Young’s modulus (Table 4.1). This finding supports the selection of 160 °C as the optimal
thermoforming temperature.

| Untreated (no thermoforming) ~ Thermoformed at 160°C  Thermoformed at 200°C

Young’s modulus (GPa) | 1.66 +/- 0.22 1.70 £0.32 2.08 + 0.34* (p = 0.03)
Stress at fracture (MPa) | 83.82 +2.02 89.07 +6.92* (p = 0.034) 91.45 + 6.3** (p = 0.006)
Strain at fracture (%) 1415+ 4.65 13.93+11.25 9.56 + 9.5* (p = 0.022)

Table 4.1.: The mechanical properties of untreated (i.e., thermoformed at 160°C) and thermoformed (at 200°C) 10 um thick
PaC stripes. The data is presented as the mean + standard deviation. P-values less than 0.05 are indicated with an
asterisk (*). The statistical analysis was conducted using one-way ANOVA with 95% confidence intervals. The number of
samples (N) was seven or eight for each group.

4.2.4. PEDOT:PSS deposition on kirigami electrodes
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Figure 4.12.: PEDOT:PSS deposition on Au electrodes on kirigami implants. A) Current measurement during the deposition
(mean + SE, N= 75 implants), B) FIB-cuts showing the PaC substrate, Au, and PEDOT:PSS layer [197].

As outlined in section 3.2.3, a PEDOT:PSS coating was electrochemically deposited on the Au

electrodes with the objective of enhancing the electrochemical performance of the 3D kirigami im-
plants. During the 20-second deposition period, the current was monitored. Figure 4.12A depicts
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the current averaged + SE during the deposition of 75 implants. After 20 s, the maximum current
reached was 0.17 =+ 0.13 pA (mean * standard deviation of N = 75 implants). The observed high
standard deviation is potentially associated with the quality of the underlying Au layer, which may
exhibit variability across different fabrication runs. The FIB-cut analysis of a kirigami electrode
with a diameter of 25 um and one with a diameter of 15 um revealed a homogeneous layer with a
thickness of 178 £ 7 nm (15 um electrode) and 179 + 7 nm (225 um electrode). Figure 4.12B
shows an example FIB-cut SEM-picture of a @15 um electrode. The observed standard deviation
in the measurements can be attributed to minor variations in the electrodes’ central and peripheral
regions. As documented in the literature, the enhanced electric field surrounding the electrode
edges results in increased material deposition [91].

4.2.5. Design variations and limitations

The kirigami-based process developed in this work allows for the straightforward customization
of 3D flexible probes to meet varying laminar and spatial requirements. The fabrication of KiRi
implants yielded 96% success (N = 100) for the folding process, wherein successful folding was
defined as the probe being separated from the molds without any difficulties (e.g., without sticking
to the mold) and all shanks being folded upright. Subsequently, the 3D flexible probes underwent
a coating process with PEDOT:PSS via CV, with the objective of improving the electrochemical
properties of the underlying Au electrodes. Following electrodeposition, the resulting overall yield
was 52%. However, when the yield was evaluated according to the fabrication runs, a yield of 47%
+ 16% was achieved across seven fabrication runs. The high standard deviation indicates that the
success of the process is contingent upon the precise handling of the 2D kirigami template, in ad-
dition to the quality of the underlying metal layer. While the folding process has the potential to be
automated, for instance through the use of micromanipulators and pick-and-place techniques, the
alignment of the 2D flexible probe with the corresponding molds and the folding were conducted
manually in this study. During the folding process, rapid movements during alignment can result
in the formation of cracks in the PaC layer, which can subsequently extend to the metal layer. In
consideration of the aforementioned learning curve and the underlying Au layer, a yield of 80% (N
= 271 electrodes) was achieved in the final fabrication run.

The maskless lithography used for the 2D MEA fabrication enables rapid prototyping, facilitating
the adaptability of design choices to accommodate diverse requirements, such as the utilization
of various animal models. Similarly, the 2PP used to fabricate the molds has a high degree of de-
sign freedom, allowing for straightforward adaptation to the design requirements. Thus, for each
kirigami design, a matching mold was created. The dimensions are summarized in table 4.2. For
successful folding, the protruding structures of both the lower and upper molds must be mechani-
cally stable, which depends on the mechanical properties of the materials that compose the mold
and the lithographic methods used. An aspect ratio of 16.3 could be achieved by considering the
ending stiffness (Table 4.2).

Design Block height ~ Shank length  Ratio block/ Block width ~ Shank width  Ratio block Block aspect
(um) (um) shank length  (um) (um) / shank width  ratio

KiRiRet | 250 225 1.1 46 50 0.92 5.43

KiRiCor | 300 500 0.60 45 50 0.9 6.67

KiRiCor | 750 1000 0.75 46 50 0.92 16.3

Table 4.2.: Dimensions of the lower mold for the folding of different kirigami designs.

Consequently, the 3D probes can be designed to satisfy the spatial requirements for a multi-
tude of neural applications. For instance, KiRiRets were constructed with shanks reaching 225
pum in length, with the objective of addressing the laminar structure of rodents’ retinas. In order
to enhance resolution or, ultimately, to extend the implant across the entire retina, the design was
tested with smaller inter-shank distances (50 um) or an increased number of shanks. This ap-

Page 68 of 215



3D neural implants for in vivo applications

proach resulted in a total of 512 electrodes distributed over 128 shanks with 100 pm spacing. For
the KiRiCors, designs with up to 10 x 500 um long shanks were explored. To reach even deeper
cortical layers, a design with up to 1000 um long shanks was tested.

Electrodes

Flexible cable

Figure 4.13.: Finalized 3D kirigami neural implant and design variations. A) Finalized probe connected to a PCB. B) - D) KiRiRet
designs with 32 x 225 pm long shanks with 100 um (B) and 50 um (C) spacing and with up to 128 shanks (D). E) - G)
KiRiCor design with 8 x (E) or 10 x (F) 500 um long shanks. Up to 1000 um long shanks were folded (G) (modified from
[177]).

The success of the folding procedure is constrained by the remaining area in the 2D kirigami
MEA, particularly the inter-shank spacing, which provide mechanical support during the key-lock
folding process. Consequently, as the shanks are positioned in closer proximity, the inter-shank
area is reduced, while the compressive stress is augmented. This has the potential to result in
structural instability and ripping of the 2D flexible MEA, which in turn leads to an unsuccessful
folding procedure. Furthermore, a considerable number of long, closely spaced shanks present a
challenge in separating them from the lower mold, given the limited remaining area in the flexible
MEA. To avoid damaging the shanks, particularly at the kink, it is essential to lift the flexible probe
in a predominantly straight manner. However, the less mechanically stable the probe is, the more
difficult this procedure becomes. Accordingly, the design incorporating 30 x 1000 um elongated
shanks with a spacing of only 125 um could not be folded in a satisfactory manner. The folding
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procedure either resulted in the tearing of the flexible MEA or the shanks were not folded into an
entirely upright position (Figure 4.14).

A

Figure 4.14.: Folding of a KiRiCor probe with 30 x 1000 um long shanks. The folding process was not entirely successful, as
evidenced by the tilting of some shanks (A) and the tearing of the flexible MEA substrate (B, red arrow) under the
mechanical forces applied during the folding procedure (modified from [177]).
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4.3. Printing 3D electrodes on a flexible microelectrode array (MEA)

To create a 3D microelectrode structure from a 2D flexible MEA, polymer templates were printed
around the electrodes using a biocompatible photoresin and 2PP. The hollow pillars then served
as templates for the electrodeposition of Au and PEDOT:PSS (Figure 4.15) and at the same time
as electrode passivation. Hollow polymer pillars were fabricated according to custom specifica-
tions and are addressable on an individual basis, thereby allowing maximum flexibility to meet
the requirements of various types of neural tissue. The following sections describe the 2D MEA
design, as well as the results and limitations of the 3D printing and electrochemical deposition
processes.

A e B C
top view =Ll top view
50 pm
top view [l Passivation = polymer

template

[] 2D substrate and
passivation (PaC)

[ Aufilling

2D flexible probe Printing of 3D polymer Electrochemical deposition [ pepor:pss
templates

Figure 4.15.: The fabrication process for 3D printed electrodes on 2D flexible MEA. Hollow polymer cylinders (B) were printed
using 2PP on flexible MEA (A) and were filled with metal via electrodeposition (C) (modified from [41]).

4.3.1. 2D flexible microelectrode array (MEA) for 3D printed implants

As with the 2D flexible MEA for the kirigami implant, the 2D flexible MEA of the 3D-printed implant
(PiRi) was fabricated in accordance with the process outlined in section 4.1. Similarly to the KiRi
design, the PiRi implant comprised a contact pad area for PCB connection with dimensions of
3100 x 6700 um, a flexible cable, and an electrode holder area (Figure 4.16A). The dimensions
of the flexible cable were contingent upon the specific animal model and experimental design.
The shank holders of size 650 x 1200 um (Figure 4.16B) were capable of accommodating up to
16 electrodes with a diameter of 6 pm (Figure 4.16C), around which the 3D-printed pillars were
subsequently fabricated. The inter-electrode distance could be tailored to align with the specific
experimental requirements, with distances ranging from 10 to 200 um (Figure 4.17).

4.3.2. Printing of polymer pillars via 2-photon-polymerization (2PP)
Design of 3D printed pillars

In the subsequent phase, hollow polymer pillars were produced at the electrode locations of the
flexible 2D MEA using 2PP and a biocompatible photoresin. In this phase of the process, a polymer
disk (base plate) was first printed on the MEA surface in order to enhance adhesion. Typically, the
base plate comprised a diameter dz of 50 pm and a thickness 7'z of 3 or 5 um. An opening of 8 pm
was left for the microelectrode, which itself had a diameter of 6 um. This allowed for a tolerance
of 1 um for the printing process. Subsequently, the hollow polymer pillars were printed on the disk
during the same printing step. This process permitted the fabrication of thin pillars with outer and
inner diameters of 12/8 um (and a wall thickness of 2 um). Pillars of varying design configurations
(height h and inner and outer diameters, d; and d,, respectively) and comprising different pitches
were printed in a straight or conical configuration. Moreover, a multisite approach was utilized
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Figure 4.16.: 2D flexible MEA design for 3D printed implants. The probe consists of a contact pad area for a PCB, a flexible cable
and a shank holder (A). The shank holder (B) accommodates up to 16 electrodes with a diameter of 6 um (C).
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Figure 4.17.: 2D flexible MEA for 3D printed implants fabrication results. The probes consist of 16 electrodes with inter-electrode
distances of for example 10 (A), 16 (B), 56 (C) or 106 (D) pm.

with the objective of recording from disparate depths within a layered neural structure, such as the
retina (Figure 4.18).

Printing process for 3D printed pillars

The 3D structures were fabricated in accordance with the methodology outlined in section 3.2.2.

1. Conversion of the 3D design: The designs were created using a CAD software and subse-
quently transformed into print job instructions using Describe, a software program developed by
NanoScribe GmbH.

2. 3D printing: The IP-L 780, developed by NanoScribe for high-resolution prints down to 200
nm, was employed for the 2PP process. Two objectives were utilized for the printing of the pillars,
namely a Zeiss 25XNA0.8 and a Zeiss 63XNA1.4, contingent upon the electrode layout. A scan
speed of 50,000 pm/s, a laser power of 100%, and a power scaling of 1.2 were employed when
utilizing the 25X objective. The slicing distance was set to 700 nm, and the hatching distance
was set to 400 nm. For the 63X objective, a scan speed of 8000 um/s, a laser power of 100%,
a power scaling of 1.0, a slicing distance of 300 nm, and a hatching distance of 200 nm were
employed. Due to the similarity in optical properties between the printed polymer and the PaC
passivation, the interface between the two could not be identified automatically by the 3D printer.
Consequently, the interface must be identified manually by adjusting the laser focus to guarantee
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Figure 4.18.: Designs for 3D printed pillars on flexible 2D MEAs: Straight, cone-shaped and multisite pillars. Different heights
h, and inner and outer diamaters, d; and d,,, respectively, were explored. A base plate (black arrow) was printed around
the pillar to promote adhesion to the substrate.

optimal adhesion between the 3D printed object and the substrate. It was imperative that the
manual interface finding was precise, as otherwise the adhesion to the substrate resulted to be in-
sufficient. Consequently, this could lead to an improper Au deposition. Alternatively, the reflection
of the laser by the underlying metal feedlines could result in an overdose and thereby in burning
of the resist.

3. Development: Following the printing process, a developing procedure was employed to re-
move any residual unpolymerized photopolymer. The samples were immersed in a Mr-Dev 600
developer solution for 10 min, followed by an additional 10 min in a fresh Mr-Dev 600 solution to en-
sure comprehensive development. Subsequently, the samples were placed in a fresh isopropanol
solution for an additional 5 min and then allowed to air dry.

4.3.3. Template-assisted electrodeposition

After flip-chip bonding, the polymer pillars, which served as both templates and passivation lay-
ers, were filled via two steps of electrochemical deposition of Au, followed by a third deposition
step during which the formation of an electrode coating cap through the electropolymerization of
PEDOT:PSS was achieved.

First Au deposition step: In the initial electrodeposition phase of Au, a potential was applied
between the 2D MEA electrodes, which were encapsulated by the 3D-printed pillars, a Pt counter
electrode and an Ag/AgCI reference electrode submerged in an aqueous solution containing
AuCly. To facilitate the electrodeposition of solid Au within the hollow pillar template, a constant
potential of -1.3 V was employed, while the electrical current was monitored and subsequently
used to determine the growth rate through the printed pillars. Upon reaching the top edge of the
pillar template, an exponential increase in current was observed, which is indicative of the onset
of cap growth. Therefore, the deposition of gold was terminated when a threshold current of -100
nA was reached. This resulted in an Au strain within the hollow pillar, which terminated several
micrometers below the top edge of the pillar (Figure 4.19A).
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Figure 4.19.: Filling of the 3D printed pillars with Au via electrodeposition. A) The initial deposition process was conducted with
a constant potential of -1.3V, with the current flow being monitored. Upon reaching a threshold current of -100 nA, the
deposition was terminated. Otherwise, an exponential current was observed, accompanied by the formation of Au caps
on the edges of the pillars. During the second deposition phase (B), the current of -100 nA was maintained for a period
of 20 s, with the objective of creating smooth Au caps on the pillars (C;). FIB-cuts revealed of one pillar at the base (i)
and top end (ii) revealed a wall-thickness of around 4 um (modified from [41]).

Second Au deposition step: A second deposition step was performed, wherein the current was
fixed at -100 nA for a time of 20 s (Figure 4.19B;). This step was undertaken to ensure that the
remaining template was filled with a more uniform gold morphology. The objective of this step was
to create small caps on top of the pillars, which would increase the electrode area (Figure 4.19C;).
This is beneficial for the electrochemical properties, thereby improving the recording qualities from

ogy of the Au strain within the pillar in comparison to the tip (Figure 4.15C). These findings provide
further evidence that the morphology of Au is dependent on the deposition process.

PEDOT:PSS deposition: To further enhance the electrochemical performance of the 3D elec-
trodes, a layer of PEDOT:PSS was electrodeposited onto the Au surface. By employing CV, the
dimensions of the resulting PEDOT:PSS electrode coating cap could be meticulously calibrated
and tailored to the desired specifications through the modulation of the number of CV cycles. The
CV deposition was performed with an initial voltage of 0 V, the final voltage of 1 V and a scan rate
setto 0.1 V for 2 — 15 cycles. Figure 4.20A illustrates the deposition curves, where the potential of
the pillar electrodes vs. the Ag/AgClI reference electrode was measured over the deposition time.
Here, 10 CV cycles were employed to create a smooth, round PEDOT:PSS cap with a diameter
of 20 pm (Figure 4.20B). Figure 4.20C illustrates the growth in diameter of the PEDOT:PSS cap
with each deposition cycle. In this example, < 10 um in diameter were achieved when using 2
cycles to > 30 um in diameter with 10 cycles, respectively. The morphology of the underlying
gold significantly influences the morphology of the deposited PEDOT:PSS. It was observed that
rather inhomogeneously distributed potential fields at rough, dendrite-shaped gold surfaces result
in a rather rough and inhomogeneous PEDOT:PSS growth, a phenomenon that has also been
previously reported [198]. Thus, the different morphology of the PEDOT:PSS cap in Figure 4.20B,
which is smoother in comparison to the PEDOT:PSS caps in Figure 4.20C, was dependent on the
quality and morphology of the underlying Au layer.
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Figure 4.20.: PEDOT:PSS coating on top of the 3D printed pillars Au cap via electrodepostion. A) The deposition process was
conducted using CV with and initial voltage of 0 V, the final voltage of 1 V and a scan rate set to 0.1 V for 10 cycles
to create a PEDOT:PSS coating on the Au cap (B). The number of cycles (N.) was found to be a determining factor in
the growth of the PEDOT:PSS caps, with an increase in the number of cycles resulting in a corresponding increase in
diameter (C) (modified from [41]).

4.3.4. Design variations and limitations of 3D printed implants

Figure 4.21A illustrates a final PiRi implant in comparison to a 1-cent coin. Upon closer examina-
tion, the image reveals the presence of pillars with a height of 500 um (Figure 4.21B). In addition
to probes with up to 16 cone-shaped (Figure 4.21C) or straight pillars, a multisite design was
fabricated with the intention of using it for layered neural structures. Figure 4.21D depicts the
top-view and 4.21E presents a side view of a multisite pillar with a PEDOT:PSS coating. Overall,
PiRi implants were fabricated with a yield of 85% in the 2PP printing process and 55% after the
electrodeposition process.

In the 2PP printing process, the mechanical stability of the pillars is contingent upon a num-
ber of factors, including not only the mechanical properties of the photoresin itself, but also the
geometry of the pillars, as well as aspects of the microfabrication process. Polymer structures
fabricated by 2PP often exhibit shrinkage and collapse during the fabrication process, particularly
when fabricating delicate structures. These structures are particularly susceptible to mechanical
instability due to insufficient resistance against capillary forces, which predominantly arise during
the fabrication process as a consequence of the evaporation of the developer and rinsing liquids,
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Figure 4.21.: Finalized PiRi probe. PiRi probe in comparison to a 1-cent coin (A) and zoom-in on the electrode holder (B). C) Probe
with 16 cone-shaped pillars. Top-view (D) and side-view (E) of a multisite pillar with three electrodes (modified from

[41]).

such as isopropanol in this case (Figure 4.22A). The capillary forces are defined by

2
_ mrt
Fo = Py c0s(20) (4.1)

where v represents surface tension of the liquid, which in this case is isopropanol. r is the radius
and p the pitch of the pillars. The variable © refers to the advancing contact angle, while § denotes
the deflection of the pillar. The term (p - 26) serves to quantify the actual inter-pillar spacing, which
is subject to dynamic alteration when the pillars undergo bending [199][200]. In the absence of
bending of the pillars (when ¢ = 0), Fi- is inversely proportional to the pillar pitch, p. Consequently,
the higher the density of the array of pillars, the greater the value of Fi=. In the event that the
pillars are unable to withstand F, they begin to bend towards one another. Subsequently, Fi»
increases in accordance with the value of §, reaching its peak just prior to the moment at which
two neighboring pillars make contact. The opposing force to F¢ is the elastic restoring force Fp of
the pillars, which is described by

3E - 16
Fg = W3
where E is the Young’s modulus of the polymer and h is the height of the pillars. | is the 2nd mo-
ment of inertia, which is T = 7/4 - (r# — r#) for hollow pillars [201]. Thus, the value of Fi increases
in a linear manner with respect to that of 6. In the event that the value of Fr exceeds that of Fi,
the pillars will exhibit a high probability of remaining in an upright position within the dried array
due to their capacity to resist capillary forces. Conversely, if the value of Fi is less than that of F,
the pillars will be subjected to bending that could potentially result in their collapse. Once the liquid
has undergone complete evaporation, the primary forces responsible for maintaining the attach-
ment of the pillars are van der Waals forces Fy,. Consequently, the stability of clustered structures
formed by capillary action is contingent upon the ratio of Fz and Fy,. When Fp is greater than

(4.2)
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Fyw, the pillars are likely to revert to a vertical position, although slight bending of the tips may
persist due to plastic deformations. Conversely, when the value of Ff is less than that of Fyy, the
pillars remain attached [199]. Figure 4.22C holds an example SEM picture of high, straight pillars
that were unable to withstand F=. Some pillars remained attached after the drying process (Figure
4.22B,C), while others exhibited a tilted tip.

In order to evaluate the constraints of the 2PP printing process, an initial series of tests was con-
ducted to identify the maximum pillar heights that could be achieved with the thinnest possible wall
thickness (Figure 4.22D). To this end, 500 pm high pillars with varying wall thicknesses (outer/inner
diameter of 12/8, 6/2, 6/4, 2/1, 4/2 um) were subjected to testing. The distance between the pillars
was set to 200 um. Only the pillars with a wall thickness of 2 pm and an outer diameter of 12
and an inner diameter of 8 were able to withstand F~ during the development step. However, the
resulting tips exhibited a slight tilt. Based on equation 4.1, a larger pitch would be necessary to
eventually create straight 500 um high pillars, which should be tested in the future. An additional
option would be to consider alternative design criteria, such as a larger outer diameter, cone-
shaped pillars, or the incorporation of supporting structures around the pillars. Nevertheless, for
pillars with a length of 400, 300, and 200 um and an outer diameter of 12 um and an inner diam-
eter of 8 um, the formation of entirely straight pillars with a pitch of 200 pm was achieved (Figure
4.22E).

Subsequently, an investigation was carried out to ascertain the influence of varying pillar pitches
for different heights. The objective was to determine the maximum height that could be attained for
a given pitch. An array of pillars with a height of 50 um and a pitch of 20 um (Figure 4.22F) exhibits
a few pillars, which bend towards each other around the edges. In contrast, an array of pillars with
a height of 150 um and a pitch of 25 um (Figure 4.22G), as well as an array of pillars with a height
of 200 um and a pitch of 35 um (Figure 4.22H), show only pillars without any bending.

The electrodeposition method permitted the filling of pillars up to 400 um in height and 12/8 pm in
outer/inner diameter, which was sufficient for the applications required by this work. Figure 4.22|
shows the deposition curve of the filling of such a pillar and the resulting Au tip. The filling of pillars
is contingent upon a number of factors, including the results of the 2PP process and the integrity
of the pillars. The electrodeposition process itself also plays a significant role in this regard. The
filling of taller pillars presents a notable challenge, as the electrodeposition process is constrained
by ion diffusion and ion charge transfer mechanisms that shape the morphology of the deposited
Au. To further enhance the efficiency of the electrodeposition process, strategies such as heating
the Au solution or utilizing higher ion concentrations to accelerate the rate of deposition can be
employed.

Parameter Explored configurations and tested values
Substrate Materials Parylene-C and SU-8 on quartz
Pillar height Up to 500 pm straight pillars with 12 um outer diameter and 200 pm pitch

Pillar diameter and wall thickness ~ Down to 12/8 um outer/inner diameter (2 pm wall thickness) for straight pillars of 500 pm height

Pillar pitch and height The pitch highly depends on the pillar geometry and height:
Pitch (um)  Maximal possible height (um)
20 50
25 150
35 200
200 500
Electrochemical deposition Au-filled pillars of up to 400 um height with an inner diameter of 8 ym

Table 4.3.: Tested limitations of 3D printed electrodes on flexible 2D MEA (PiRi).
In table 4.3, the aferomentioned design constraints are summarized. Thus, this technologi-

cal approach enables the fabrication of 3D-printed pillar electrodes exhibiting high aspect ratios,
reaching up to 33:1 (400 um height and 12 um outer diameter). These results surpass the aspect
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ratios and electrode diameters previously reported in the literature when using 2PP printing pro-
cesses, which were up to 11:1 and 10 um, respectively [117][151].

Although high aspect ratios of up to 500:12 were achieved following 2PP printing, future applica-
tions, including targeting deeper cortical regions, utilizing larger animal models, or even human
applications, necessitate the incorporation of pillars exceeding 500 um in length. Accordingly, an
additional UV-exposure during 2PP processing, as proposed by Purtov et al. [199], may be an
effective method to enhance mechanical stability. The aforementioned process has the potential
to enhance the cross-linking of the polymer, thereby augmenting its Young’s modulus and conse-
quently reinforcing the mechanical stability of the pillars throughout the fabrication process [199].

20 um Blz Cp/d 271 42 12/8 62 64

current [A]

0 1 2 3 4 5
time [h]

Figure 4.22.: Limitation of 3D printed pillars on PaC substrate. Mechanical instability due to capillary forces during the fabrication
process (A) can lead to bent or collapsed pillars (B, C). D) Outer and inner diameter test parameters, where the first
number denotes the outer diameter in micrometers, and the second denotes the inner diameter. The pitch of the pillars
is 200 um. E) Testing the pillar height of a straight pillar design with an outer diameter of 12 pm, an inner diameter of 8,
and a pitch of 200 um. F) An array of pillars with a height of 50 pm and a pitch of 20 pm. G) An array of pillars with a
height of 150 um and a pitch of 25 um. H) An array of pillars with a height of 200 um and a pitch of 35 um. 1) Current-time
curve of the electrochemical deposition of Au for a 400 pm high pillar (modified from [41]).
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4.4. Summary and outlook

Two distinct types of 3D neural implants were successfully fabricated via the integration of kirigami
or 3D printing technology.

The implants are both customizable with respect to different neural targets (here retina and cor-
tex). In both cases, modifications were made to the height of the shank/pillars, their width, and
the pitch. To adapt the device design to the desired application for both designs, it is necessary
to implement modifications to the 2D MEA as well as the CAD file for the print job, which serve as
molds for KiRis and pillars for PiRis, respectively. However, the customizability is slightly higher for
the PiRi, as different pillar dimensions and design configurations (e.g., straight or cone-shaped)
can be printed on the same 2D flexible MEA design. In contrast, the 2D MEA as well as the molds
must be adjusted for varying shank heights, widths, and distances between the shanks for the
KiRis. Besides the customizable pillar design configuration, the PiRi process has been demon-
strated to be capable of printing on a variety of substrates, including stiff MEA substrates [41].
This increases the range of possible applications, as it facilitates the utilization of the probes for
cell cultures or organoids.

Both fabrication processes demonstrate high efficiency, necessitating only a minimal number of
fabrication steps. The 2D flexible MEA is produced for both probe types in an identical manner and
is typically manufactured in the same production cycle. Although 3D printing is a relatively rapid
process, it is essential to consider the potential increase in printing time when utilizing objectives
for high resolution. To illustrate, the printing of KiRi molds with a 25X objective can take a period of
several days. For instance, the lower KiRiCor mold for 500 um long shanks requires a printing time
of 26 hours and 30 min with the 25X objective and only 3 hours with the 10X objective. Neverthe-
less, the 10X objective needs the manual identification of the interface during the printing process.
Consequently, only a single mold can be printed at any given time. Furthermore, the dimensions
of the molds allow for fabrication with any additive manufacturing process capable of achieving a
resolution of um-mm (e.g., digital light processing printers [202] or projection micro stereolithogra-
phy [203]). Another advantage is that the molds are reusable. When handled correctly, they are
not damaged during the folding procedure. The folding process itself is rapid, with a completion
time of less than one minute for one KiRi probe. In contrast, the dimensions of the PiRi probes
necessitate high resolution, which is provided by the 2PP process. The printing of a PiRi probe
with 60 x 80 um high pillars using a 25X objective is a fast process and requires < 3 min. However,
if higher resolutions are required for more complex structures, the considerably greater investment
of time for the use of a 63X objective should be considered. In addition, the filling of the pillars is a
time-consuming process that scales with the pillar height. For instance, the filling of 100 um long
pillars takes on average 23 min. In conclusion, the processing time required to fabricate a single
PiRi probe is significantly higher than that of a single KiRi probe, with the former taking over 20
min and the latter less than one minute. It should be noted that the processes that are identical for
both samples, such as the 2D MEA fabrication and flip-chip bonding, as well as the time spent for
several probes simultaneously, which is the development step following printing for the PiRis and
the fabrication of molds for KiRis, were not included in this analysis.

To further decrease the fabrication time, from an engineering perspective, the KiRi process could
be scaled up to meet the demands of larger production volumes, assuming the necessary re-
sources and infrastructure are available. In this case, the deployment of a machine would be nec-
essary for the automation of the folding process, with the objective of fabricating multiple probes
simultaneously. In contrast, the PiRi process will necessarily entail a linear printing process with
2PP. Therefore, scalability is inapplicable to this process.

The yield of the probes is comparable, with yields of approximately 52% for the KiRis and 55%
for the PiRi, respectively. However, when considering only the most recent fabrication run of the
KiRis, which occurred subsequent to a substantial learning curve, a yield of 80% could be ac-
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complished. This yield exceeds that of all fabrication runs of the PiRi implants. The folding of a
complete implant with 1000 um long shanks was not entirely successful. Accordingly, for experi-
mental purposes, shanks of a maximum length of 500 um were considered. In comparison, PiRi
pillars with up to 400 pm could be filled with Au. However, the filling of such long pillars was a
time-consuming process and was only successful for individual pillars, not for complete probes.
Therefore, only pillar lengths of up to 250 pm, which could be reliably produced, were considered
during the experiments.

It would be beneficial to consider ways to enhance the yield in order to achieve a more reliable
fabrication process. This should be done not only by considering or implementing the aforemen-
tioned processes for the fabrication of 3D devices, such as the use of micromanipulators during
the folding process for KiRis or the improvement of Au electrodeposition for PiRis, but also by con-
sidering the 2D MEA fabrication process. The quality of the electrodes is significantly influenced
by the underlying metal layer of the 2D MEA, which in turn affects the yield and functionality of the
electrodes. As previously discussed in section 4.1.2, it is of the utmost importance to consider the
fabrication challenges of the 2D MEA in order to guarantee optimal fabrication of 3D kirigami or
3D printed implants.

For comparison, the cross-section of a shank was 500 pm2 (50 um in width and 10 pm thick),
whereas the cross-section of a straight PiRi pillar with an outer diameter of 12 um was only 110
pum?2. Nevertheless, the density of the shanks must be taken into account. While KiRi shanks con-
tain up to four electrodes, a straight or cone-shaped pillar has only one recording/stimulation site.
Therefore, they are only capable of recording from a single depth within the neural tissue at any
given time, which constrains their ability to perform 3D neural tissue recordings. Consequently, a
multisite approach was employed for the PiRis with the objective of recording from multiple neural
depths. By utilizing multisite pillars, three recording sites were utilized, resulting in an increased
cross-section of 250 um?.

KiRi
Customizable design +
Fast fabrication process +++
Scalability of the process +++
Yield 52 % (80 % in the latest fabrication run) 55 %
Max. shank/pillar height for implantation 500 um 250 um
Shank/pillar cross-section at centroid 500 pm? Straight pillar: 110 pm?

Cone-shaped pillar: 541 pm?
Multisite pillar: 250 pm?2

Figure 4.23.: Comparison of KiRis and PiRis for the development and fabrication of 3D neural implants.

Further improvements to the KiRi and PiRi samples could be made by utilizing longer shanks
or pillars, enabling deeper penetration into the cortical layers. As discussed in section 4.2.5, it is
necessary to investigate whether the folding approach for KiRis with shank length exceeding 1 mm
is feasible. One potential method for achieving this could be the "upside-down approach”. To fur-
ther reduce the insertion footprint of the KiRis and enhance their conformability to neural tissue, it
would be beneficial to investigate the feasibility of fabricating smaller shank dimensions in terms of
thickness and width. Similarly, printing of higher pillars for the PiRis should be feasible by slightly
increasing the diameter of the pillars at the base, or by adding supporting structures close to the
base. However, filling pillars higher than 400 um is challenging, as discussed in section 4.3.4. An
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alternative approach would be to utilize 2PP printing of conductive structures, which may poten-
tially result in a reduction in the spatial resolution of the electrodes in the future. Nevertheless,
the insertion of longer pillars and shanks will be challenging due to the low bending stiffness and
consequent buckling. It is therefore necessary to investigate the implantation techniques that will
be required for in vivo applications. In this context, the available strategies range from the use of
insertion shuttles made of Si [97], needles [93], or microwires [98][99], the use of a biodegradable
polymers, e. g. PEG, to reduce the effective length of the implant [33][102], or the incorporation of
mechanical adaptable materials, such as hydrogels [103].

KiRi probes with up to 512 electrodes have been manufactured. To augment the electrode count
even further, two strategies may be pursued without an increase in processing time. The first strat-
egy entails reducing the width of the feedlines and electrode diameter. Consequently, the number
of feedlines and electrodes that can be accommodated not only within a single shank but also on
the x-y-plane of the KiRi probe will be augmented. Concurrently, a three-layered probe comprising
a single metal layer embedded between two PaC layers can be retained. However, the resolution
is constrained by the lithographic techniques employed. In this particular case, feedlines with a
width of approximately 2 um and electrodes with a diameter of up to 25 um were successfully
implemented using maskless lithography. It is important to note, however, that submicron fea-
tures are achievable with other techniques, such as electron-beam lithography, as demonstrated
by others [204]. A second strategy is to increase the shank density. However, the success of the
mechanical pressing is limited by the remaining area of the flexible probe, as discussed in section
4.2.5. In addition to the folding procedure itself, the primary bottleneck is the separation of the 3D
flexible probe from the lower mold. Therefore, for probes with a high amount of long shanks, a
device should be implemented to lift the flexible probe uniformly.

However, the interconnection of all 512 electrodes on a KiRi implant is a challenge. Thus, at
present, the contact pad facilitates a connection to a restricted number of electrodes (16, 32)
due to the limitations of the data acquisition system. An ideal solution would be a wireless, high-
channel connector design, which would be advantageous for long-term recordings. However,
wireless front ends with 512 channels are currently not commercially available. Thus, the issue of
acquiring thousands of channels for measurement and stimulation is not solely contingent upon
the electrodes themselves. Rather, it is primarily contingent upon the (electronic) components for
data acquisition, recording and electrical stimulation. This gives rise to a number of challenges.
Firstly, establishing a connection between the numerous electrodes and a PCB represents a sig-
nificant challenge when the number of electrodes is increased, particularly in terms of spatial
constraints, as each electrode requires an individual connection. In addition, the PCB itself should
be of a reduced size. To illustrate, a compact Omnectis connector with the capacity to connect 32
channels has a size of 14.6 x 4.4 x 1.8 mm. It would be prudent to explore the use of smaller al-
ternatives in this instance. One such alternative could be the use of flexible PCBs, or alternatively,
the establishment of a wireless solution. Subsequently, the data acquisition system (DAQ) must
be capable of accommodating a considerable number of channels. The MCS system currently in
use is limited to 64 channels, but allows for the connection of eight 32-channel head stages, which
equates to a total of 256 channels. It may therefore be necessary to consider alternative commer-
cial DAQ systems or to develop a new system in-house. Finally, the vast quantity of data produced
by a large number of electrodes should not be underestimated. It is of the utmost importance that
considerations regarding efficient data management, fast processing and storage capacities are
explored in conjunction with the increase in channels.
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5. Performance of 3D implants

In order to ascertain the performance of 3D implants and ensure that their properties are suitable
for electropysiological experiments, a comprehensive evaluation of several electrochemical and
mechanical characteristics was conducted.

This chapter is partly reproduced from the following publications:

e M. Jung, M. Kasavetov, N. Nruthyathi, J. Abu Shihada, S. Decke, L. Koschinski, F. Balcewicz,
T. Lohmann, P. Walter, F. Mller, A. Offenhausser, V. Rincén Montes. “Towards the in vivo
validation of 3D retinal implants: an in vitro and cadaveric validation” (in preparation)

e M. Jung, J. Abu Shihada, S. Decke, L. Koschinski, P. S. Graff, S. Maruri Pazmino, A.
Héllig, H. Koch, S. Musall, A. Offenhdusser, V. Rincén Montes. "Flexible 3D Kirigami
Probes for In Vitro and In Vivo Neural Applications". Advanced Materials 2025, DOI:
10.1002/adma.202418524

e J. Abu Shihada* and M. Jung*, S. Decke, L. Koschinski, S. Musall, V. Rincén Montes, A.
Offenhausser. "Highly Customizable 3D Microelectrode Arrays for In Vitro and In Vivo Neu-
ronal Tissue Recordings". Advanced Science 2024, DOI: 10.1002/advs.202305944 (*Equal
contribution)

5.1. Electrochemical properties

The electrochemical characterization was performed according to section 3.3.1 for KiRi as well as
PiRi electrodes.

5.1.1. Impedance

The EIS characterization of the electrodes revealed a notable reduction in impedance following the
deposition of the PEDOT:PSS coating. At 1 kHz, the impedance of the electrodes was reduced
by 59-fold for the PiRis and by 28-fold for the KiRis. Figure 5.1 illustrates the impedance spectra
for a single KiRi probe with electrodes (J= 15 um) and a PiRi probe (straight pillars with a 8
pum opening). The spectra are presented for the following cases: Figure 5.1A after cleaning the
Au electrodes and electrodeposition of PEDOT:PSS in the case of the KiRis, and Figure 5.1B
following the Au as well as the PEDOT:PSS electrodeposition in the case of the PiRis.

In this example, the impedance of the PiRi electrodes was observed to be 2.1 MQ2 and 35.1 kS at
1 kHz following the electrodeposition of Au and PEDOT:PSS, respectively. In the case of the KiRi
electrodes, the impedance exhibited as well a notable decrease, from 1.6 MQ to 46.1 kQ at 1 kHz.
The impedance values of the Au electrodes at 1 kHz are slightly higher compared to standard 2D
electrodes with 10 um diameter (1 MQ at 1 kHz [205]). This suggests that the Au does not overgrow
the PiRi pillars, which would have been indicated by a lower impedance value due to the increased
surface area. Instead, it is observed to cover only the 8 um wide pillar opening. The impedance
amplitude of both electrode types demonstrates a decline as the frequency increases, exhibiting
the characteristic profile of an Au electrode as observed in previous studies [205]. Upon depositing
PEDOT:PSS onto Au, the electrochemical performance of the electrodes exhibits the anticipated
resistive behavior of PEDOT:PSS electrodes within the high frequency band relevant for spiking
activity (1 kHz to 100 kHz). Furthermore, it exhibits capacitive behavior at low frequencies, where
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Figure 5.1.: EIS of PiRi (A) and KiRi (B) Au electrodes and after electrode coating with PEDOT:PSS. A) The impedances of
the PiRi electrodes were measured after the electrodeposition of Au and again after the following electrodeposition of
PEDOT:PSS(N = 11). B) The Impedances of the KiRi electrodes were measured after cleaning the Au electrodes and
after the deposition of a PEDOT:PSS electrode coating (N = 7) (modified from [197]).

the phase angle is approximately - 90° (below 10 Hz), which is the typical range for measuring
LFPs. This shift can be attributed to the enhanced ionic conductivity of PEDOT:PSS, and aligns
with the observations documented in the literature [205][206][207][208].

When comparing the impedance values at 1 kHz between PiRi probes and KiRis, there are
notable differences in some cases. Figure 5.2A shows the mean + standard deviation of the am-
plitude (]Z|) and phase (°) of the complex impedance Z of KiRi electrodes with @25 um (N = 33)
and @15 um (N = 60), as well as PiRi electrodes (N = 66). For the @25 um KiRi electrodes, the
impedance at 1 kHz of 28.9 + 9.9 kQ is significantly lower in comparison to the @15 um electrodes
with 38.7 £ 6.9 kQ. This is due to the increased surface area. Furthermore, the KiRis were sepa-
rated according to the type of feedline employed (meander-shaped or straight) to facilitate a more
detailed analysis. For the meander-shaped feedlines, electrodes with @15 pm had an impedance
of 38.4 £ 9.0 k2 (N = 32) and 39.1 + 3.4 kQ2 (N = 28) for straight feedlines, respectively. For
electrodes with @25 ym the impedance was 30.8 + 11.9 k(N = 19) for meander-shaped feed-
lines and 27.5 * 8.1 kQ for straight feedlines, respectively (N = 14). The analysis revealed no
significant difference between meander-shaped and straight feedlines when electrodes of varying
sizes were considered independently (Figure 5.2B). However, the slight increase in the standard
deviation of the meander-shaped feedlines points to a more stable fabrication process for the
straight feedlines. Consequently, they were selected for further experiments. The primary reason
for the noted instability appears to be the proximity of meander-shaped feedlines to the edge of
the shanks, which raises the possibility of exposure to minor cracks. This phenomenon is a direct
consequence of the RIE processing stage, as discussed in section 4.1.2. The impedance was
determined to be 30.3 £ 12.6 k2 for the PiRis. No statistically significant difference was observed
between the large KiRi electrodes (25 um) and the PiRi, indicating comparable electrochemical
performance. A statistically significant difference was observed when comparing the small KiRi
electrodes (15 um) with the PiRis, which is likely attributable to the differences in electrode surface
area. Additionally, the standard deviation of PiRi electrodes was marginally higher than that of KiRi
electrodes, potentially due to the unequal surface when comparing different PiRi electrode caps in
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Figure 5.2.: EIS analysis and comparison of KiRi and PiRi electrodes. A) EIS measurements of KiRi electrodes with @25 pm (N
=33) and @15 um (N = 60), as well as PiRi electrodes (N = 66) showing the mean * standard deviation of the amplitude
(1Z]) and phase (°) of the complex impedance Z. B) Box plot of the impedance values of KiRi probes with meander and
straight feedlines. Electrodes with @15 um had an impedance of 38.4 + 9.0 k2 (N = 32) for meander and 39.1 + 3.4
kQ (N = 28) for straight feedlines, respectively. For electrodes with @25 um the impedance was 30.8 + 11.9 kQ(N =
19) for meander-shaped feedlines and 27.5 + 8.1 kQ2 for straight feedlines, respectively (N = 14). For the PiRis, the
impedance was 30.3 £+ 12.6 kQ2. The mean values are indicated with black stars inside the box plots. Statistical analysis
was conducted using pairwise unpaired t-tests with Bonferroni correction (modified from [197]).

contrast to the well-defined KiRi electrodes.

For this reason, the KiRi as well as the PiRi exhibit an electrochemical performance that is opti-
mal for electrophysiological recordings, as low impedance values improve the recording quality of
neural implants [93].

The thermal noise of PiRi and KiRi electrodes was computed according to equation 3.5. Given
the low impedance after PEDOT:PSS electrodeposition, the PiRi as well as the KiRi electrodes
exhibited a thermal noise of 1.3 pV for a bandwidth of 300 Hz to 3 kHz.

5.1.2. Charge storage capacity (CSC)

The cathodic CSC¢ was examined for KiRi electrodes with @25 pm, which were designed to
use for electrical stimulation, as well as for PiRi electrodes. Figure 5.3 depicts the CV response
in the form of current density at different electrode potentials (E) versus the Ag/AgCl RE. From
the CV curve the CSC¢ was computed according to equation 3.6. In order to achieve this, it was
necessary to calculate the GSA of the electrodes. For the KiRi electrodes, the GSA was calculated
as the area of a circle by

GSAgkip: = 7 - (0.00125¢m)2. (5.1)

However, the surface morphology of the electrodes is more irregular for the PiRis, with significant
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variation between electrodes. Therefore, the radius r, which differs for each electrode, was mea-
sured using an optical microscope. Then, the GSA was estimated as the area of a sphere for each
electrode by

GSAPiRi =47 - 7“2. (52)

For the KiRis, the CSC¢ was 6.9 + 3.8 mC/cm?, which was slightly lower in comparison to the
PiRis at 9.1 + 1.5 mC/cm?, respectively. Thus, for KiRi electrodes the mean value is lower and the
standard deviation is higher in comparison to the PiRis. This might be attributed to the different
deposition methods, which was chronoamperometry for the KiRis and CV for the PiRis. Thus,
using CV may lead to a more homogeneous deposition of PEDOT:PSS.
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Figure 5.3.: CV (current density) responses of KiRi (A) and PiRi (B) electrodes. The current density (mean + SE) at different
electrode potentials (E) versus an Ag/AgCl RE, as well as the cathodic CSC¢ (colored areas) is marked in the CV curve
(N =10 for PiRi and N = 11 for KiRi electrodes, modified from [197]).

5.1.3. Charge injection capacity (CIC)

Furthermore, the maximum CIC of the KiRi and PiRi electrodes was examined by determining
the current and charge injection thresholds, with the objective of preventing electrode polarization
beyond the limits of the water window. In order to characterize the voltage transients, a maximum
cathodic polarization voltage of -0.9 V and a maximum anodic voltage of 0.6 V were considered,
as these values are commonly reported in the literature for PEDOT:PSS electrodes [173][209].
The current limits of biphasic pulses with varying pulse widths, designated as T,;,, were assessed
through the utilization of either an anodic or cathodic first pulse. Figure 5.4A depicts the measured
voltage transients for the KiRi and PiRi electrodes when employing either anodic or cathodic first
pulses for varying T, using the maximum anodic |,,, or cathodic currents ,,,.. The cathodic po-
tential limit E,,,. was set to -0.9 V, while the anodic potential limit E,,,, was set to 0.6 V. These limits
were reached 20 s after the peak of the pulse. In the case of anodic first stimulation, the anodic
potential limit E,,, was typically reached before the cathodic potential limit E,,,.. Conversely, the
opposite behavior was observed for cathodic first pulses. The employed pulse widths spanned a
range of values, from 0.1 to 10 ms. The specific widths utilized were 0.1,0.5,0.8, 1, 2, 3, 4, 5, and
10 ms. The mean and standard deviation of the current limits were evaluated for each pulse width
(Figure 5.4B and table B.1). It was observed that, in general, a smaller T, resulted in a higher I,,,,
or |, compared to a larger T, while indicating a nonlinear relationship between these parame-
ters. Furthermore, the current limits and pulse width exhibited an inverse exponential correlation,
which, when plotted on a logarithmic scale, revealed a linear decreasing trend. These general
findings are consistent with the literature [209]. For PiRi electrodes, it was also evident that en-
larging the electrode cap permitted greater current injection with respect to anodal and cathodal
threshold potentials (Figure 5.4C). Due to the differing electrode sizes, the standard deviations of
the current limits are generally higher for PiRi electrodes than for KiRi electrodes, which have a
more uniform surface area that is typically comparable between electrodes.
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Subsequently, the CIC, defined as the product of the current limits(l,, or l,,,) and T, divided by
the GSA of the electrode (equation 3.7), was evaluated. Similarly, for the CSC calculations, the
GSA was estimated as a circle with a diameter of 25 um for KiRis and as a sphere with a diameter
measured with an optical microscope for the PiRi electrode caps. It should be noted, however, that
the actual surface area is dependent on the underlying morphology of the PEDOT:PSS layer and
may differ from the estimated values. Figure 5.4D and table B.2 contain the CIC measurements
for KiRis and PiRis and anodic and cathodic first pulses for different T,;,. The CIC was, in general,
higher for PiRi electrodes in comparison to KiRi, as well as for anodic first pulses relative to ca-
thodic first pulses. It was observed that an increase in the pulse width (T,;,) generally resulted in a
greater amount of injected charge, as reflected by the higher CIC value. In particular, the CIC for
KiRi electrodes was enhanced by approximately 51% when the pulse width was increased from
0.1 ms to 1 ms, and by approximately 150% when the T, was increased from 0.1 ms to 10 ms
for anodic first pulses. For cathodic first pulses, the enhancement was approximately 37% and
132%, respectively. For PiRi electrodes, the CIC was enhanced by 69% when the pulse width was
increased from 0.1 ms to 1 ms and by 153% when the pulse width was increased from 0.1 ms
to 10 ms for anodic first pulses. For cathodic first pulses, the enhancement was 35% and 126%,
respectively. Therefore, clinical stimulation protocols requiring a sustained pulse duration are per-
mitted a higher CIC limit, whereas those necessitating brief pulse widths are permitted a lower CIC
limit. This compromise between immediate electrical stimulation, which employs shorter T, and
consequently a higher frequency, and safe stimulation (limitation of the CIC) has been previously
elaborated upon in the literature [209].

5.2. Mechanical properties

5.2.1. Insertion of 3D implants

The objective of the two types of 3D implants, KiRis and PiRis, is to record from beyond the
superficial layers of neural tissue without compromising the viability of the surrounding tissue.
Accordingly, in the design considerations, the smallest cross-sectional footprints that could be
constructed with the aforementioned fabrication techniques were taken into account. As reported
in the literature, an insertion force (F; ) between 0.5 and 2 mN is required to penetrate neural
tissue [94].

The critical buckling load P, was analyzed as a matter of insertion probability. If F; exceeds
the critical buckling load P, of the shanks or pillars, they will fail due to bending while attempting to
penetrating the tissue. Consequently, in order to evaluate the probability of insertion of KiRis and
PiRis into neural tissue, an investigation of P, which is dependent upon their physical properties
and dimensions, was conducted using Euler's equations (equation 3.8). Figure 5.5A shows the
critical buckling load plotted against the height of pillars of varying PiRi designs or KiRi shanks
(slender columns), with the insertion threshold marked according to the literature. Figures 5.5B
and 5.5C illustrate the Von Mises’ stress due to critical buckling, considering an F; of 0.5 mN and
the maximum possible height for KiRi shanks and PiRi pillars.

In order to ascertain the optimal design for the PiRis, a comparison was conducted between
the three distinct pillar configurations: straight, cone-shaped, and multisite. The straight pillars
exhibited an inner diameter of 8 um and an outer diameter of 12 um. The cone-shaped pillars
exhibited an outer diameter of 35 um and an inner diameter of 30 um at the base, while the
outer diameter was 12 ym and the inner diameter was 8 um at the end of the pillar. For the
multisite pillars, three straight pillars were selected in a linear configuration, with an inner diameter
of 8 um and an outer diameter of 12 um. Simulations conducted using COMSOL Multiphysics
indicate that cone-shaped and multisite pillars exhibit reduced stress along the z-axis and at the
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Figure 5.4.: Analysis of the voltage transients and CIC using biphasic anodic and cathodic first stimulation pulses. A) Voltage
transients for different pulse widths T, for KiRi (i, i) and PiRi (iii,iv) electrodes using first cathodic (i, iii) and first anodic
(ii, iv) biphasic pulses. B) The maximum anodic l.,.., or cathodic currents l,,,. of the first pulse at which the maximum
polarization voltages (-0.9 V, 0.6 V) were reached for different pulse width T,,;,. C) The maximum current depends on the
size of the electrode cap of the PiRi electrodes. Here, three example measurements and the corresponding microscopic
images are shown in green, violet and blue. D) Calculated CIC for the different pulse width 7},;, of KiRi and PiRi electrodes
using anodic or cathodic first biphasic pulses (N = 14 for PiRi and N = 9 for KiRi electrodes, modified from [197]).

base of the pillars. This suggests enhanced stability and less risk of pillar breakage compared to
straight pillars when penetrating neural tissues (Figure 5.5B). The simulations revealed that when
considering a F; of 0.5 mN, pillar heights of 390, 910 and 1150 um are achievable before buckling
of straight, multisite and cone-shaped pillars, respectively. Furthermore, as the wall thickness
at the base of the pillars was determined to be 4 um as revealed by the FIB-cut analysis (Figure
4.19), the simulations were conservatively conducted with an assumption of a 2 um wall thickness.
It is notable that a 4-um wall thickness results in a 75% increase in the P, indicating that the
theoretical stability of the pillars is likely to exceed the observed values.

To evaluate the potential for penetration of the shanks of a KiRi probe, simulations were conducted
using slender columns with a width of 50 um, a thickness of 10 um, and varying lengths. Once
more, Euler's equations were employed to ascertain the feasibility of inserting a 10 um-thick PaC
layer stack thermoformed at 160 °C with a Young’s modulus of 1.7 + 0.32 GPa and a length up to
530 um into neural tissues (Figure 5.5C).

The simulations were conducted without the use of additional insertion aids, such as shuttles or
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dissolvable braces, under the assumption of a maximal insertion force of 0.5 mN to penetrate
neural tissues, such as brain tissue without meningeal layers, such as the dura. The analysis
demonstrated that KiRi shanks and PiRi pillars can be inserted into deeper neural layers, with the
potential for even higher insertion depths achievable with PiRi pillars.
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Figure 5.5.: Buckling load and Von Mises’ stress simulated using COMSOL multiphysics. A) Results from the simulated buckling
load according to the pillar or shank height for different PiRi designs and KiRi shanks (slender column). B) Von Mises’
stress for the different PiRi design. C) Von Mises’ stress of a slender columns (KiRi). B) and C) show the highest
pillar/shank configuration possible before the critical buckling load is exceeded (modified from [177][41]).

Insertion tests using tissue phantoms were performed prior to animal experiments to ensure
safe insertion. Agarose gel, which exhibited a comparable Young’s modulus of 2-10 kPa, was
selected to simulate the mechanical properties of neural tissue [157]. The agarose mold was
prepared according to the method described in [157], using agarose powder (A9539-256, Sigma
Aldrich, Germany) and 0.1 M PBS. The KiRi and PiRi probes were then inserted into the agarose.
The probes were mounted on a micromanipulator and lowered at a slow and controlled rate until
they reached the surface of the agarose. Subsequently, an insertion rod, which was fixed to a
second micromanipulator, was lowered until it was in close proximity to the upper portion of the
neural probes. Then, the insertion rod was lowered in a stepwise manner to exert pressure on the
neural probe and facilitate its insertion into the agarose. The aforementioned methodology was
employed to successfully insert KiRi probes with 128 x 225 um long shanks (Figure 5.6A; and
zoom-in A;;), as well as probes with 8 x 500 um long shanks (Figure 5.6A;;;), into agarose gel, as
illustrated in Figure 5.6. The insertion of PiRi probes was also tested using a multisite probe with
heights of 500, 480, and 460 um (Figure 5.6B;) and probes with 16 x 350 um high cone-shaped
pillars (Figure 5.6A;;). While the insertion of the multisite probe was successful, the insertion of the
cone-shaped probe frequently resulted in tissue dimpling (Figure 5.6A;;, black arrow), indicating
that the pillars were not fully inserted.

The insertion forces were quantified during the insertion of the KiRi and PiRi probes (Figure
5.8A). The probes were inserted into neural tissue at a constant rate of 200 um/s, while the inser-
tion forces were measured in accordance with the methodology outlined in section 3.3.2. Typically,
the force increased linearly reaching its peak until the insertion stopped. Thus, the main contri-
bution to the force observed was the frictional force and no additional peak was observed that
would correspond to penetration force to overcome tissue dimpling. Subsequently, as the tissue
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Probe outline

Figure 5.6.: Insertion into agarose gel of KiRi (A) and PiRi (B) probes. The insertion of a KiRi probe with 128 x 225 pm long
shanks (A; and zoom-in in A;;) as well as a probe with 8 x 500 um long shanks (A;;;) was tested. For the PiRi probes,
a multisite design with length of 500, 480 and 460 pm was successful (B;), while using 16 x 350 pm long cone-shaped
pillars often led to tissue dimpling (B;;, black arrow) (modified from [177][41]).

relaxed, the force measurement exhibited a decrease until it stabilized after a couple of minutes.
This behavior is consistent with the observations reported in the literature regarding the insertion
force measurements using flexible neural probes [210][211]. The KiRi probes, comprising eight
500 pm long shanks, were subjected to measurement, exhibiting a peak force of 1.1 £ 0.2 mN
(N = 7). During the insertion process, no bending of the flexible shanks was observed, and thus
the probe design was selected for testing in vivo cortical application. In comparison to the KiRis,
the insertion force is with 2.7 £ 0.9 mN (N = 6) higher for the PiRis. As previously stated, the
insertion of 16 x 350 um long cone-shaped pillars occasionally resulted in tissue dimpling, which
can necessitate a greater force for penetration of the tissue. This also explains the high standard
deviation, as the occurrence of tissue dimpling was not consistent. Furthermore, the PiRi probes
consist of 16 pillars with a collective cross-sectional area of 16 x 541 um? = 8656 um?2. In compar-
ison, the total cross-sectional area of an individual KiRi probe shank is 500 um?2, while that of an
entire probe is 4000 um?. Notably, this was maintained while the number of electrodes remained
consistent with the PiRi probes. This discrepancy in cross-sectional area also contributes to the
increased insertion force observed in the PiRi probes.

The reusability of the KiRi and PiRi probes was evaluated after performing in vitro as well
as in vivo insertions. The insertion of the probes into neural tissue was performed on multiple
occasions (greater than 10) for both the KiRi and PiRi probes, which demonstrated the feasibility
of reusing them without compromising their functionality. The mean number of in vitro insertions
for PiRi probes was 3.2. Figure 5.7A presents a PiRi multisite probe that was utilized 10 times
in retinal tissue. As can be observed in the SEM image, residual retinal tissue is present, having
been extracted along with the probe (Figure 5.7A;;, white arrow). It should be noted that two
of the pillars do not contain electrode tips. However, these have not been present prior to the
use of the probe (Figure 5.7A, ;;;, white dashed circles). The utilization of KiRi probes exhibited
equal repetition, with an average of four insertions per probe. Subsequent to four insertions, the
impedance of the electrodes was assessed for both KiRi and PiRi probes. While the impedance
demonstrated a minimal increase for the PiRis (from 34.7 + 14.1 t0 35.6 + 19.9 kQ2 at 1 kHz (N =
20)), the increase was more pronounced for the KiRis (from 41.1 + 18.1 to 120.9 + 132.1 k2 at 1
kHz (N = 31)) (Figure 5.7C). The study found that 95% of the PiRi electrodes and 94% of the KiRi
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electrodes retained functionality after four insertions, suggesting, together with the impedance
measurements, that the stability of PiRi electrodes upon multiple insertions is higher than that of
KiRis. However, a KiRi probe that underwent 16 insertions during in vitro trials exhibited 100%
electrode functionality, despite an increase in impedance to 176.3 + 165.5 kQ at 1 kHz (N = 16).
Furthermore, the KiRi probes were examined following their in vivo implantation into mouse cortex
for a period exceeding four weeks. Inspection using an optical microscope and an SEM (Figure
5.7B, ;) revealed that the shanks remained in an upright position. While the angle was not 90°, the
forces applied during extraction must be considered. Upon inspection, the electrodes exhibited no
signs of delamination (Figure 5.7B;;;).
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Figure 5.7.: Post-experiment optical inspection of a PiRi probe used during in vitro trials (A) and a KiRi probe used for an
in vivo implantation (B). A) SEM picture of a PiRi multisite probe with five shanks comprised of three electrodes each
with heights of 80, 100, and 120 pm after it was inserted >10 times into retinal tissue (i). Retinal tissue residues are
visible (white arrow) in the zoomed-in picture (ii). (iii) shows a top view of the probe with a light microscope picture before
the insertion revealing that two pillars did not possess a PEDOT:PSS cap (marked with white dashed circles) (modified
from [41]). B) KiRi probe after being implanted into mouse cortex for four weeks. The shanks were still standing in an
nearly upright position after explantation (optical image in (i), and SEM zoom-in (ii)) and the electrodes did not express
delamination (iii) (modified from [177]). C) Impedance measurements before and after 4/16 insertions using PiRi (i) and
KiRi (ii) electrodes. The impedance at 1 kHz was extracted for each case (jii).
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5.2.2. Bending stiffness and literature comparison

Once implanted within the tissue, the probe should exhibit optimal compliance to minimize the
potential for FBR. For that the bending stiffness was analyzed. The effective bending stiffness is
proportional to the Young’s modulus of the material and the second moment of inertia of the probe,
which in turn depends on the cross-sectional area. The bending stiffness is a common metric
used to evaluate the mechanical properties of the tissue-electrode interface, specifically to assess
the resilience of an implant against deflection induced by longitudinal forces and displacement.
Accordingly, a reduction in bending stiffness facilitates compliant tissue integration by minimizing
the mechanical mismatch between the probe and the tissue [104].
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Figure 5.8.: Insertion forces (A) and bending stiffness (B) of KiRi and PiRi implants. A) The insertion force of a KiRi probe with
8 x 500 pm long shanks (N = 7) and a PiRi probe with 16 x 350 pm long shanks (N = 6) implants (mean + SE). B) The
bending stiffness of different pillar configuration of PiRis and KiRi shanks in comparison to selected state-of-the-art 3D
stiff and flexible neural probes (Si microneedles [116], 'Sea of electrodes’ [115], inkjet printed electrodes [114], 3D printed
electrodes [117], Utah arrays [24], flexible [118] and stiff [25] Michigan-style arrays, and kirigami approaches used for in
vitro [36] and in vivo [37] applications.

Figure 5.8B (and table B.3) illustrates the effective bending stiffness of the PiRi pillars (including

straight, multisite, and cone-shaped pillars), as well as the KiRi shanks, in comparison to state-
of-the-art 3D neural probes. The bending stiffness of straight PiRi pillars is with 3.9 Num? the
smallest in comparison to the other PiRi designs with 50.7 Num? for the cone-shaped and 11.6
Npm? for the multisite pillars, respectively. The bending stiffness of the KiRi shanks, is with 7.1
Num? smaller than cone-shaped and multisite PiRi pillars. The comparative analysis was con-
ducted with state-of-the-art probes, including those of the Utah and Michigan arrays, as well as
novel approaches utilizing 3D printing technology, flexible Michigan-style probes or other kirigami
approaches using mostly Pl or PaC as substrates. Although the Young’s modulus of IP-L (4.7
GPa, according to the manufacturer), which is the material for the PiRi pillars, is relatively high
compared to softer materials such as PaC (here 1.7 GPa), the small dimensions of the pillars led
to an optimized cross-sectional footprint that reduces the effective bending stiffness of the probes.
The multisite design, which enables recordings from three different depth locations within neural
tissue, also maintains a low cross-section (250 um?). In the case of kirigami, the low Young's
modulus of PaC and the small dimensions result in a lower bending stiffness in comparison to the
state-of-the-art probes. Consequently, the combination of low bending stiffness and small dimen-
sions distinguishes the KiRis and PiRis from those previously reported in the literature.
The only probe type that exhibits a smaller bending stiffness than the KiRis and PiRis are the neu-
ral threads, which are extremely thin SU-8-based implants and reach with 0.14 mNum? a bending
stiffness nearly comparable to that of an axon (0.00058 - 0.76 mNum?2) [32]. However, each thread
is only capable of accommodating a single recording or stimulation site. Consequently, recordings
from different depths within the neural tissue can only be achieved through the implantation of
multiple threads.
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5.3. Long-term stability test

As outlined in section 2.2.4, the long-term stability is contingent upon mechanical, material, and
biological failures. To analyze the stability prior to implantation, accelerated aging tests were
employed to evaluate the electrochemical performance of the electrodes over time, as well as the
mechanical properties of thin-film samples comprising a stack of PaC-metal-PaC to ascertain the
adhesion, which has been identified as a significant failure mode for thin-film electrodes [112].
Moreover, the implants were subjected to examination post-use in vitro and post-implantation
under in vivo conditions using SEM. To analyze the impact of insertion into neural tissue and the
immune responses, histological experiments were conducted using retinal and cortical tissue after
explantation of the neural implants, as detailed in sections 6.3 and 7.2.4, respectively.

5.3.1. Electrochemical stability in accelerated aging tests

The electrochemical stability of the electrodes was investigated through the implementation of a
series of aging tests, the results of which are presented and discussed in the following sections.
The primary objective was to conduct an aging test with the aim of optimizing the fabrication of
the 2D MEA, which is crucial for the long-term functioning of the electrodes. Modifications to the
established protocol, as outlined in section 4.1, were implemented with the objective of enhanc-
ing electrode stability. A review of the relevant literature revealed that the following techniques
should be employed: oxygen plasma treatment [212][213], saline [212][214][215] and anneal-
ing [196][212]. Subsequently, the 2D MEAs were subjected to an accelerated aging test, with
impedance analysis conducted at two- to three-day intervals over a period of 30 days, equivalent
to 150 days according to the specified aging test factor (Equation 3.11). The results of this initial
trial enabled the optimal fabrication techniques for the 2D MEA to be identified. A second test was
conducted to analyze the PEDOT:PSS electrode coating in the accelerated aging process using
KiRi electrodes.

Modifying the 2D MEA fabrication to enhance the long-term stability was tested with sev-
eral approaches as illustrated in Figure 5.9. A design with a single shank which accommodated
16 electrodes was used (Figure A.1). The samples were fabricated with the assistance of Lina
Koschinski (HNF and IBI-3, Forschungszentrum Jilich, and RWTH Aachen University) and Kelsey
Varodom (DAAD internship) contributed to the measurement of the samples. In accordance with
the established standard protocol, for Type A probes, a metallization step was conducted fol-
lowing the deposition of the PaC on the Si host wafer. For all samples, a Ti-Au-Ti metal layer
stack was used, as Ti is known to improve the adhesion of the metal layer on the PaC surface
[112][215][216][217]. Subsequently, the deposition of the PaC passivation layer and the etching
of the electrode openings and contact pads were conducted. In order to improve the adhesion
of the PaC layers, modifications were performed. The modification of Type B was conducted in
accordance with the aforementioned process, with the exception that the samples were placed
in an oxygen plasma oven (TePI Gigabatch 360 flow of Oy plasma at 80 sccm, power of 50 W
for 2 min) subsequent to the deposition of the initial layer of polymer. The third set of samples,
designated Type C, underwent the same fabrication process as the preceding two types. However,
before the deposition of the PaC passivation layer, ~ 1 ml of the adhesion promoter silane A-174
(Specialty Coating Systems Inc., USA) was applied to the walls of the deposition chamber prior
to the commencement of the CVD process. The fourth and final type of sample, designated D,
was fabricated in accordance with the aforementioned process. However, at the conclusion of the
fabrication process, the sample was subjected to an annealing treatment for 48 hours at 200 °C in
nitrogen environment.
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Figure 5.9.: Modifications to the 2D MEA fabrication to improve the long-term stability. A) Standard protocol, B) Oxygen plasma
treatment before the metallization step, C) Use of silane during the deposition of the passivation layer, D) Annealing step
after the fabrication.

Three samples were subjected to the accelerated aging test for a period of 30 days, with three
samples per condition and 16 electrodes per sample. During the course of the test, the impedance
of the electrodes was monitored, and an optical inspection was conducted using an optical micro-
scope (Keyence VK-X100, Germany). The number of working electrodes was evaluated in accor-
dance with their impedance value, with a threshold of 0.4 MQ2 selected, representing approximately
10% of the overall mean impedance of 4.12 + 1.2 MQ prior to aging. Figure 5.10A illustrates the
percentage of working electrodes versus time in the accelerated aging test for each condition.
The number of working electrodes for the standard probes (untreated, type A), the probes treated
with oxygen plasma (type B), and the probes treated with silane (type C) exhibited a significant
decline during the initial stages of the aging process. On days 9 and 12, the number of working
electrodes for types B and C, respectively, fell below 20%. In contrast, the annealed samples (type
D) exhibited 100% functionality of the working electrode until day 12. Subsequently, the number
of functional electrodes declined to approximately 75% until reaching 67% at the end of the ex-
periment. Figure 5.10B presents the mean + standard deviation of the impedance values for each
probe type. With the exception of the annealed samples (type D, red trace), a general trend of
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Figure 5.10.: Results of the first electrochemical aging test. A) Number of working electrodes per day for each group. B)
Impedance of the electrodes throughout the duration of the aging test. C) Probes before the start of the aging test
with no notable electrode degradation or layer delamination. Inspection of the probes at day 8 (D) and day 30 (E) of the
aging test, type A (i), type B (ii), type C (iii), type D (iv) (N = 48 electrodes per condition).

reduced impedance values is observed. Prior to the commencement of the test, the probes were
observed to be free of delamination, cracks, and corrugation (Figure 5.10C; and zoom-in C;;). At
day 8 (Figure 5.10D), an optical inspection revealed the presence of water between the PaC layers
in sample types A (Figure 5.10D;) and C (Figure 5.10D;;;). The ingress of water was observed to
occur either at the electrodes (Figure 5.10D;;) or at the edges of the sample (Figure 5.10D;;;). In
samples of type B (Figure 5.10D;;) and D (Figure 5.10D;,), no evidence of water ingress or delam-
ination of the PaC layers was noted. However, a change in color and modification of the surface
of the electrodes was observed, which is indicative of degradation and delamination from the PaC
substrate. This phenomenon was more pronounced in types A, B, and C in comparison to type
D. After 30 days of aging (Figure 5.10E), sample types A, B, and C (Figure 5.10E; ;; ;;;) exhibited
a significant amount of water between the PaC sheets, a clear indication of poor adhesion and
delamination. In contrast, the annealed samples (types D) remained free of water. However, the
surface of the electrodes in these samples also appears to have undergone alteration.

In conclusion, the annealed samples exhibited a distinct advantage over the other sample types.
As previously reported, annealed samples exhibited superior performance compared to untreated
samples during aging tests [196]. Nevertheless, electrode degradation was still evident and re-
quires further optimization for enhanced long-term stability.
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The long-term stability of the PEDOT:PSS coating was subsequently assessed. In this ex-
periment, the KiRi samples were evaluated. It should be noted that the thermoforming step is, in
fact, an annealing procedure, which resulted in the most promising outcomes in the initial test. A
total of 38 working electrodes on three probes, with an initial impedance of 35.2 £ 13.7 k2, were
subjected to an accelerated test. The impedance was measured for a total period of 17 days,
with measurements taken every two to three days (Figure 5.11A). Furthermore, the implants were
inspected using an optical microscope on the days of impedance measurements and SEM after
45 days. An electrode was identified as having failed when its impedance exceeded a value of 1
M, which is equivalent to the impedance of a plain Au electrode [205]. The impedance measure-
ments indicated that approximately 20% of the electrodes exhibited an impedance greater than 1
MQ after just two days, which is indicative of degradation of the PEDOT:PSS layer. Subsequently,
the number of functional electrodes declined, reaching 34% at day 17 of the accelerated aging
test. The degradation of PEDOT:PSS was additionally noted during the optical inspection. Figure
5.11B illustrates the electrode’s progression over the course of the aging test. The color change
is an indication of surface alterations. Furthermore, it is evident that the electrode is delaminat-
ing, with the process commencing slowly from day two and becoming increasingly pronounced
by day 45 of the aging test. At day 45, however, there was no evidence of water between the
PaC layers or corrugation at the feedlines, indicating an intact passivation (5.11C; and C;;). An
additional inspection was conducted using SEM. Figure 5.11D shows electrodes without (Figure
5.11D;) and with PEDOT:PSS (Figure 5.11D;;) coating, which both showed a comparable amount
of delaminating. However, most of the KiRi shanks were still standing (Figure 5.11D;;; and D;,) in
an upright position.

Impedance at 1 kHz (Q) Working electrodes
3
>

0 5 10 15
Days in accelerated aging test

10 pm I0um 100 pm 100 pm
Figure 5.11.: Results of the accelerated aging test using PEDOT:PSS coated KiRi electrodes. A) Number of working electrodes
(black) and impedance of working electrodes (blue) during the course of the aging test. B) Optical inspection of one
electrode during the course of the aging test, which exhibits surface alterations (color change) and delamination at day
45. C) There was no sign of corrugation of the feedlines or water between the PaC layers indicating an intact passivation
layer (i). The KiRi shanks were still standing (ii). D) SEM inspection at day 45 of the aging test, showing the delamination
of a plain Au electrode (i) and an electrode coated with PEDOT:PSS (ii). The frontal (iii) and side view (iv) of the probe

demonstrates that the shanks were still standing in an upright position (modified from [177]).

Page 97 of 215



3D neural implants for in vivo applications

5.3.2. Mechanical stability in accelerated aging tests

During the annealing process, polymers undergo a transformation when subjected to elevated
temperatures, resulting in the rearrangement of their molecular chains into more crystalline struc-
tures. This increased polymer chain mobility will also permit intertwining of the chains in adjacent
layers, which may enhance adhesion in theory [218]. However, this process also affects the me-
chanical properties of the material. When the implant is situated within the body, particularly
cables or elongated structures such as shanks are susceptible to micromotion and other irregular
movements of the body, which can result in mechanical stress. Consequently, neural probe ca-
bles with varying numbers of electrode feedlines and subjected to varying annealing procedures
will undergo an accelerated aging process to assess the longevity of the probes and to evaluate
the impact of annealing on the adhesion of the probes. Tensile tests were conducted at specified
intervals throughout the test period to evaluate the evolution of the mechanical properties of the
neural probes in response to chronic implantation. The monitoring of the Young’s modulus, stress,
and strain at break provided insight into the ability of the flexible probes to maintain their flexibility
and sustain consistent force and stretch throughout the course of testing. Moreover, microscope
images (Keyence VK-X100, Germany) obtained at regular intervals throughout the test allowed
for the visual detection of mechanical failures, including delamination and feedline erosion. The
measurements were performed with the assistance of DAAD-internship student Kahlan Parker.

The samples were fabricated in accordance with the process depicted in Figure 5.9D, which
included an annealing step at the final stage of the fabrication process. Thereby 10 um thick, 1.5
mm wide and 25 mm long PaC stripes were produced comprising either 0, 32 or 128 feedlines
(5 um lines and spaces). The samples were subjected to either 160 °C or 200 °C annealing and
then compared with an untreated control group. For the aging tests, eight samples were stored in
airtight containers for each day of testing due to the destructive nature of the tensile test. The test
was conducted at the outset of the trial and then repeated after two, four, six, eight weeks, and
one year under accelerated aging conditions.

The tensile testing as detailed in section 3.3.2, facilitated the monitoring of the stress at fracture,
strain at fracture, and Young’s modulus throughout the aging test. The results of the aging test,
which evaluated the mechanical properties and visual inspection of 10 um thick PaC stripes with
32, 128, and without feedlines over time, are presented in Figure 5.12. The data set includes the
Young’s modulus, strain, and stress at break for unannealed, annealed at 160°C, and annealed
at 200°C samples, as measured at the specified time points during the aging test: 2, 4, 6, 8
weeks, and 1 year. The stability of the mechanical properties over time was verified by comparing
the data against the control group, which was not subjected to aging, to ascertain whether any
statistically significant differences existed. The stars in Figure 5.12A indicate instances where the
statistical analysis yielded a p-value of less than 0.05 identified through the use of ANOVA and
post-hoc pairwise t-tests with Bonferroni correction. Although some measurement points indicate
a statistically significant change, such as strain at fracture in the annealed at 160°C samples at
weeks 2, 4, and 8, the trends were not sustained when inspected after one year. Therefore, over
the course of one year, a discernible trend could not be identified in either of the sample groups
(unannealed or annealed at 160°C or 200°C) for either of the evaluated properties. Furthermore,
it is evident that there is no significant difference between the feedline groups, suggesting that
the feedlines do not significantly influence the mechanical properties. Upon optical examination
of the samples (Figure 5.12B and Figure B.1), a discernible distinction was evident between the
annealed and unannealed specimens. The samples that were not annealed (Figure 5.12B; and
Figure 5.12B;;, zoom-in) exhibited water ingress between the PaC sheets and feedline corrosion.
The corrosion was observed to accumulate over the course of the aging test, becoming clearly
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visible after two weeks. In contrast, the effects were only occasionally visible in the samples
that were annealed at 160°C (Figure 5.12B;;; ;1) and were not observed in the samples that were
annealed at 200°C (Figure 5.12B,,;). This demonstrates that the annealing process enhances
the long-term stability of the layered structure while maintaining the mechanical properties to a
considerable extent. This finding aligns with the observations reported in previous studies [196].
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Figure 5.12.: Aging test results of the mechanical properties (A) and visual inspection (B) of 10 um thick PaC stripes with 32,
128 and no feedlines after 1 year. A) The Young’s modulus, strain and stress at break for unannealed, annealed at
160°C and 200°C samples are displayed for each measuring point during the aging test (control, after 2, 4, 6, 8, weeks
and after 1 year). The values are displayed with mean + standard deviation for N = 7 or 8 samples. Stars show when
the statistical analysis using ANOVA and post-hoc pairwise t-tests with Bonferroni correction revealed a p-value < 0.05.
B) The optical inspection of the samples after 1 year. Samples, which were not annealed (i and zoom-in ii) show water
ingress between the PaC sheats and feedline corrosion. The effects were only occasionally visible in samples annealed
at 160°C (il and iv), and were not observed in samples annealed at 200°C (v and vi).
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5.4. Summary and outlook

KiRi Literature
Electrochemical performance For electrodes with ¢ = 25 um
Impedance at 1 kHz 28.9 £ 9.9 kQ (58.9 O/um?) 30.3+12.6 kQ (~273 Q/um2) 1272 - 336> Q/pum?
CSC (mC/cm?) 6.9%3.8 9.1+15 20-9.6¢
CIC (mC/cm?) 2.0+09 25+1.1 1.9¢—2.9¢
anodic first pulse with Ton = 500 ms
Mechanical performance
Insertion behavior +++ ++
Bending stiffness ++ +++ Table A.3
Long-term stability
Electrochemical stability 15 days N/A ~ 30 days’
Mechanical stability +4+ N/A

Figure 5.13.: Comparison of the electrochemical, mechanical and long-term performance of KiRi and PiRi neural implants
and data from the literature a) [205] b) [208] c) [209] d) [208] e) [219] f) [220] ).

The preceding sections presented an evaluation of the electrochemical and mechanical perfor-
mance of the KiRi and PiRi neural implants.
The impedance of the large KiRi electrodes with an J= 25 pm is comparable to that of PiRi elec-
trodes, with no statistically significant difference observed (28.9 + 9.9 k2 and 30.3 + 12.6 k{2,
respectively). However, the standard deviation for the PiRi electrodes remains higher due to the
indistinct nature of their surface area, which is a result of the sequential printing process and the
individual electrodeposition of each pillar. Nevertheless, the low impedance levels indicate that
high-quality signal recordings can be achieved [93].
The stimulation capabilities were assessed and compared by utilizing voltage transient measure-
ments and CV to quantify the two major contributing factors to in vivo electrical stimulation perfor-
mance, namely, CIC and CSC [209]. The PiRi electrodes exhibited slightly larger (approximately
x1.3) CSC as well as CIC values in comparison to the KiRi electrodes. An increased electrode
diameter allows for a greater current injection within the potential limits. Furthermore, CV re-
sponses for CSC measurements demonstrate larger current responses and larger hysteresis loop
areas due to the increased electrode surface area [209]. This may have contributed to the elevated
values observed in PiRi electrodes relative to those in KiRi electrodes. Another potential expla-
nation is the discrepancy in the deposition methodology employed for the PEDOT:PSS layer, with
chronoamperometry utilized for KiRi electrodes and CV for PiRi electrodes. Nevertheless, their
comparable performance falls within a comparable range to values documented in the literature
for PEDOT:PSS-coated microelectrodes [208][209][219]. It would be beneficial to investigate the
impact of charge injection on the electrode surface over extended time periods through long-term
pulse testing. Alternatively, IrOx could be considered as an electrode coating material. Despite
the lower CIC of 15 mC/cm? in comparison to PEDOT:PSS, IrOx is widely employed in stimulating
prosthetic devices due to its good biocompatibility and high resistance to corrosion [173][221].
It can be concluded that the KiRi and PiRi electrodes are suitable for the electrical stimulation of
neural tissue. In the event that higher stimulating pulses are required for specific applications,
"pulse engineering" may be employed. This refers to the application of asymmetric current pulses
with the objective of optimizing the current limits [209]. It is essential to maintain charge balance
when employing asymmetric pulses to prevent irreversible chemical reactions [80]. It is also note-
worthy that while the outer layer of the material is typically engaged in charge transfer during
stimulation, there is a tendency for CSC to overestimate the available charge [92].
In regard to the mechanical performance, the insertion behavior and bending stiffness - which
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serves as an indicator for the probe’s compliance in a chronic condition - were evaluated. It was
found that longer PiRi probes could be inserted with a force of 0.5 mN, whereas KiRi shanks would
buckle due to tissue dimpling when attempting to penetrate neural tissue at this force. Calculations
indicate that cone-shaped pillars up to 1150 um in length are feasible, whereas KiRi shanks would
buckle when the length exceeds 530 um. However, the results of the insertion tests conducted in
agarose demonstrated that KiRi probes exhibited reduced dimpling and a higher probability of suc-
cessful insertion in comparison to PiRi. Moreover, larger forces were recorded when using PiRi
electrodes, despite their cross-sectional footprint being comparable (530 pm? for cone-shaped
PiRi electrodes and 500 um? for KiRi shanks). This discrepancy may be attributed to the shank
configuration and the quantity of shanks or pillars, as well as their geometric characteristics. The
KiRi shanks are equipped with a sharp tip of submicron width, which allows them to effectively
pierce through neural tissue. In contrast, the PiRi electrodes feature a rounded electrode cap.
Once within the neural tissue, the bending stiffness serves as an indicator of the probes’ compli-
ance. The lowest bending stiffness is observed in straight PiRi pillars, followed by KiRi shanks,
multisite pillars, and cone-shaped pillars, which exhibit the highest bending stiffness. However, all
designs exhibit lower values in comparison to state-of-the-art probes reported in the literature (see
Figure 5.8).

Long-term stability tests were conducted using 2D MEA with Au electrodes and PaC-metal-PaC
stripes to evaluate optimal 2D fabrication methods. In both cases, the annealed samples yielded
the most favorable outcomes, exhibiting reduced delamination and water intrusion between the
PaC sheets in comparison to the unannealed samples or samples treated with alternative meth-
ods, such as oxygen plasma or silane. Consequently, a reduction in feedline corrosion was ob-
served, and the impedance of the electrodes in the electrochemical evaluation remained more
constant over time, evaluated up to 30 days in accelerated aging, in comparison to the control
and other methods employed. No discernible trend in mechanical property change was identified,
neither in the annealed samples nor in the control group, even after a year of accelerated aging.
At the one-year mark of the accelerated aging test, a thorough optical examination revealed a
considerable degree of delamination, accompanied by subsequent water intrusion, corrosion, and
feedline deterioration, in the unannealed (control) samples. In contrast, the samples that under-
went annealing at 160°C exhibited only minimal damage, while those that underwent annealing at
200°C demonstrated a near absence of damage. This is a significant outcome when considering
the use of these stripes as cable connections between electrodes and processing units in chronic
recordings.

In the following step, KiRi samples comprising Au electrodes coated with PEDOT:PSS were sub-
jected to an accelerated aging test. The shanks remained in an upright position for 45 days, as
evidenced by the SEM inspection (see Figure 5.11), demonstrating the stability of the folding tech-
nique over time. Additionally, no water intrusion or delamination of PaC-PaC layer was observed.
During thermoforming, the samples are subjected to a temperature of 160°C, which is equal to
the annealing process applied in the precedent test of the PaC-metal-PaC stripes. However, an
evaluation of the electrochemical stability of the electrodes revealed, that the adhesion between
the metal and PaC layer is insufficient. Shortly after 2 weeks, less than 50% of the electrodes
were functioning during impedance testing. Optical inspection revealed delamination of the elec-
trode metal layer (Au + PEDOT:PSS) as well as degradation of the PEDOT:PSS layer. A similar
rapid decrease in functionality of Au electrodes coated with PEDOT:PSS has been observed in
the literature during accelerated aging tests. Delamination of the metal layer from the PaC was
also observed and attributed to the difference in Young’s modulus of Au and PaC. In addition, they
measured dissolved Au and PEDOT:PSS in the electrolyte, demonstrating corrosion [220].

In summary, the annealing process showed a significant improvement in PaC-PaC adhesion
over time compared to the control group. However, there is still room for improvement in the
adhesion of the metal to the PaC and the quality of the electrode coating. An additional Au elec-
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trodeposition could be employed before the electrodeposition of PEDOT:PSS with the intention to
improve the stability of the electrode material. Alternatively, IrOx as electrode coating shows good
biocompatibility and corrosion resistance [222] and has been widely used in retinal implants due
to its suitable CSC and CIC for efficient electrical stimulation [129][223]. In addition, IrOx could
be combined with PEDOT:PSS coatings, which has been reported to survive over 110 days under
accelerated aging conditions at 60 °C [224]. As an alternative, metal-free electrodes using spin-
coated PEDOT:PSS could be used. It has been reported that spin-coated PEDOT:PSS improves
stability by a factor of five compared to Au electrodes [220]. Using spin-coated PEDOT:PSS a
transparent and metal-free implant can be fabricated that can be used in conjunction with imaging
techniques for the examination of the brain. These include two-photon imaging, functional mag-
netic resonance imaging (fMRI), and positron-emission tomography (PET).

In addition to alternative electrode materials and coatings, Pl should be further investigated as
an alternative substrate material. While the long-term stability of Pl is often reported in the liter-
ature, other studies suggest that it performs worse than PaC: In an accelerated aging test with
75 °C testing encapsulation material, Pl was reported to last only 66 days in comparison to PaC
with 117 days [225]. In addition, Pl has no ISO certification [112]. Other alternatives could be a
PDMS-based implant, which in addition has a lower Young’s modulus and thereby offers a higher
compliance [94].

It would be beneficial to evaluate the extent to which the results can be transferred to PiRi elec-
trodes, where the same 2D fabrication process and similar materials were employed, in future
studies. The adhesion of the 2PP pillars to the PaC layer may present an additional challenge and
should be investigated in a long-term assessment.

An in-depth examination of long-term stability should consider not only elevated temperature as a
potential accelerator of the aging process, but also the anticipated interactions with other possible
accelerators, such as H,O, and pH [92]. This should be taken into account in any forthcoming
evaluations. However, should the objective of the analysis be to predict failure mechanisms, or
time to failure, it is of the utmost importance to exercise caution when interpreting the results of
such experiments. This is due to the functional connections between microelectrodes and neu-
rons which are contingent upon intricate tissue integration, rendering it challenging to anticipate
the combined impact of material aging and FBR in vivo. The composition and dynamics involved
are complex, making it difficult to accurately predict the outcome [92].

However, the electrochemical and mechanical properties outlined in the aforementioned sections
suggest that the PiRi and KiRi probes are effective devices for electrophysiological recordings
from within neural tissue. Consequently, to substantiate these findings, the subsequent sections
will present the tested applications.
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6. Retinal applications

Considering the development of flexible 3D MEAs for retinal prostheses, the proof of concept
started with the evaluation of the feasibility of recording electrophysiological activity in explanted
retinas. First, the insertion of the 3D probes and recordings from different depths in the retina
were tested and the insertion footprint was analyzed. To further confirm the physiological ori-
gin and behavior of the electrical activity recorded by the probes, light stimulation of the retina
was performed. Furthermore, intraretinal recordings were performed in RCS retinas to test the
possibility of using the 3D electrodes in degenerated retinas. Pharmacological treatment was per-
formed to further analyze the physiological activity of a degenerated retina in the rat model. With
the aim of an in vivo application, the surgical methods were established in a cadaveric setting. In
addition, the electrical properties of the retina were further characterized using 2D MEAs. During
these experiments, resistivity values were extracted and compared with resistivity measurements
during the cadaveric surgeries to confirm successful implantation. Two types of cadaveric surgery
were then tested: An open-sky procedure for an acute setting and a pars-plana implantation for a
semi-chronic application.
This chapter is partly reproduced from the following publications:

e M. Jung, A. Willuweit, V. Rincon Montes. "Intraretinal Electrophysiology and Resistivity Pro-
files of WT and RCS Rat Retina". Sensors 2025, DOI: 10.3390/s25123765

e M. Jung, M. Kasavetov, N. Nruthyathi, J. Abu Shihada, S. Decke, L. Koschinski, F. Balcewicz,
T. Lohmann, P. Walter, F. Mller, A. Offenhausser, V. Rincén Montes. “Towards the in vivo
validation of 3D retinal implants: an in vitro and cadaveric validation” (in preparation)

e J. Abu Shihada* and M. Jung*, S. Decke, L. Koschinski, S. Musall, V. Rincén Montes, A.
Offenhausser. "Highly Customizable 3D Microelectrode Arrays for In Vitro and In Vivo Neu-
ronal Tissue Recordings". Advanced Science 2024, DOI: 10.1002/advs.202305944 (*Equal
contribution)

¢ N. Nruthyathi, M. Jung, J. Wang, V. Rincon Montes, A. Offenhausser, A. Willuweit, M. Mller.
"Late emergence of pathological oscillatory activity in the retina of the Retinitis pigmen-
tosa model RCS (Royal College of Surgeons) rat". PLoS One 2025, DOI: 10.1371/jour-
nal.pone.0324345

Experiments were conducted using the retina of mice and rats for in vitro trials and rats as
well as rabbits for cadaveric trials, simulating the acute and semi-chronic implantation procedure.
The dimensions of the eye and retina are summarized in table 6.1. Consequently, both types of
3D implants, KiRis and PiRis, were adapted to the application and design criteria for the retina,
which is approximately 200 um thick in all animal models (see table 6.1). Thus, for the KiRiRet
design, a length of 225 um was chosen to span the full thickness of the retina. Similarly, for the
multisite PiRis, the height of the electrodes was adjusted to 80, 100, and 120 um, and to 65 pm
for single pillars. The aim was to have access to the ganglion cell layer for electrophysiological
recordings by epiretinal placement of the electrodes. Taking the possibility of tissue dimpling and
an uneven retinal surface into account, the dimensions of the 3D MEAs were chosen according to
the thickness of the retinal layers.

Rats and mice are often the model of choice for medical device validation because they offer
a number of advantages over other species. They reproduce rapidly, and their small size and
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| Mice Rats Rabbits Human
Ocular axial length (mm) 3.3¢ 5.6 - 6.3% 13.8-17.1%  newborn: 16-18, adult: 22-25°
Retinal thickness at the center (um) | 186.9¢  192.7 -220¢  194.3¢ at fovea rim: 320¢

Table 6.1.: Ocular length and retinal thickness across different species. Data from a) [226], b) [227], c) [228]

adaptability make them easy to care for and to work with. Both species have been used in research
for the last century, and several strains are now well characterized genetically and physiologically.
Some strains develop diseases spontaneously, such as the retinal degeneration 10 (rd10) mouse
model or RCS rat model of retinitis pigmentosa. In mice, genetic manipulation makes it possible
to create mutant or transgenic strains, which in many cases are designed to closely imitate human
diseases and pathologies. However, there are some cellular differences that result from species-
specific adaptations to the environment and behavioral factors. For example, rodents are nocturnal
and, therefore, their retina is rod-dominated [229]. The main differences between the rodent and
human retina that should be considered when using rodents as models for retinal degeneration
are the following:

e Retinal size: A clear distinction between the retinas of different species is the retinal size.
The human retina is about 40 mm in diameter while that of a mouse is only about 5 mm
[230].

e Color vision: Humans possess three types of cones, S-, M-, and L- cones, while rodents, like
most mammals, possess two types of cones, S-cones (short wavelength detection cones,
blue cones) and L/M-cones (medium wavelength detection cones, red-green cones) [229].

e Photoreceptor density gradients: In the human retina, photoreceptor density varies signifi-
cantly across the retina. Cones dominate the central retina and rods dominate the peripheral
retina. In rodents, on the other hand, rods and cones are evenly dispersed, with only slight
gradients in density and no specialization in the fovea [230][231].

e Ganglion cells: Approximately 1 million ganglion cells in a human retina are concentrated
in central retina, forming up to eight layers, decreasing to one layer in the periphery. Thus,
ganglion cell density varies by a factor of 100 between the central and peripheral retina in
humans. In contrast, ganglion cells are organized in a single layer throughout the rodent
retina, and their density varies only by a factor of 4 [230].

However, the structure of the retinal layers, with the somas of the principal cell types (rods,
cones, horizontal cells, bipolar cells, amacrine cells, Miller cells, and ganglion cells) arranged in
three nuclear layers separated by two synaptic layers, is shared between humans and rodents.
It is interesting to note that despite the gradient of photoreceptor density in humans, the central
retina of the mouse actually exceeds that of the human macula with respect to the high density
of photoreceptors. The rod/cone ratio is similar in humans and mice between 10° and 20°, which
represents the more peripheral part of the macula in the human retina. Thus, a large central area
of the mouse retina has some of the structural features that are thought to cause the macula to be
more vulnerable to degeneration in the human retina [230]. However, despite the large number of
(genetically engineered) models that have been developed, no model has yet reproduced all the
features of human AMD [232].

6.1. Investigation on the electrophysiology and resistivity of healthy
and RCS rat retina using 2D MEAs

Retinal prostheses have made the transition from the laboratory to the clinic and have restored
partial vision to blind people affected by retinal degeneration. Despite this progress, the implants
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had difficulty meeting patient expectations and CE-marked devices have been withdrawn from
the market [131]. Consequently, ongoing research endeavors are directed towards enhancing
the quality of visual perception. A fundamental element under investigation is modeling and sim-
ulating of retinal neural activation through electrical stimulation to comprehend spatial patterns
[233][234][235][236]. Here, the electrical resistivity profile of the retina which changes throughout
its layered structure determines the intraretinal current flow and potential distribution during elec-
trical stimulation. The retinal resistivity profile is thus a critical factor in retinal prostheses design. A
survey of the extant literature reveals that previous measurements of retinal resistivity were mostly
limited to healthy retinas. This includes studies of the retinal resistivity profile of birds [237], frogs
[238], chickens [239], rats [239], and mice [240]. Despite the existence of publications concerning
the resistivity profile of diseased retina of mice, no study has yet been conducted on a diseased
rat model.

Due to the above mentioned advantages and the superior size of the rat eye compared to that of
a mouse, rats were chosen as the main animal model for retinal in vivo applications. To further
characterize the electrical properties of the diseased rat retina, 2D MEAs were used to measure
impedance at different retinal depths. The 2D MEA probes are illustrated in Figure A.2. The indi-
vidual shanks containing four electrodes each had a length of 225 um. The resistivity profiles of
the retinal layers were then calculated from the impedance values. In parallel, electrophysiolog-
ical recordings were performed at each z-step to correlate the spontaneous spiking activity and
noise level with the resistivity values to provide further insight into the optimal position within the
retina for electrical stimulation. Experiments were performed with RCS rats as a model for retinal
degeneration (RD) and compared with measurements in WT animals.

6.1.1. From impedance measurements to resistivity values

The 2D MEA electrodes were analyzed in PBS by EIS as described in section 3.3.1 prior to the
impedance measurements in Ames’ medium and within the retina. The in vitro setup as described
in section 3.4.1 was used as illustrated in Figure 6.1A. The retina was placed inside the perfusion
chamber onto a PDMS pillow fixated with insect pins to allow the Ames’ medium to reach the tissue
from all sides. The penetrating electrodes were then inserted from the epiretinal site taking defined
z-steps of 20 um. The impedance was measured using a portable potentiostat (PalmSens4, Palm-
Sens BV, NL). As previously reported in the literature [240][242], the electrode-tissue interface can
be modeled with a modified Randles model. This model incorporates a double-layer capacitance,
CE, which is represented by a CPE, a charge transfer resistance, Rg, a tissue/electrolyte resis-
tance, Rz, and a parallel parasitic capacitance Cp (Figure 6.1B). The values of the z-fit of the
electrodes measured in electrolyte are given in Figure 6.1B. However, Ry represents the sum of
the resistance of the tissue and the electrode, and therefore undergoes changes at each z-depth
due to the resistivity profile of the retina, when the electrode penetrates the tissue.

The PRF method was used to calculate the resistivity values from the impedance measurements.
The method was described by Mercanzini et al. [243] and further analyzed by Weiland et al.
highlighting the advantage of fast computation while estimating the resistivity with reasonable pre-
cision [242]. The methodology enables the identification of the frequency at which the impedance
of the interface is most resistive, that is, where the phase ¢ pgr is closest to zero degrees. Subse-
quently, the magnitude of the impedance at this phase |Zprr| is registered. Figure 6.1C provides
a schematic illustration of the PRF method. In order to convert the impedance measurements
to resistivity values, the impedance was initially measured with the electrode immersed in the
electrolyte, as well as the conductivity x of the electrolyte, which was found to be 1.546 S/m for
Ames’ medium. The electrolyte resistance (Rg) was then extracted using the PRF method. The
resistances were subsequently converted to resistivity in accordance with the cell constant ¢ of
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Figure 6.1.: Setup for the impedance and resistivity measurement of retinal tissue. A) The retina is placed into a perfusion
chamber and fixated onto a PDMS pillow using insect pins and filter paper. The electrodes penetrate the retina from
the epiretinal site. The impedance is measured using an Ag/AgCl reference electrode. B) The electrode-tissue interface
model, employed for the purpose of characterizing the electrode and measuring tissue resistance is a modified Randles
model. The model comprises a double layer capacitance Cg represented by a CPE, a charge transfer resistance Rg,
a parallel parasitic capacitance Cp, and an resistance Rz which is the sum of the tissue’s and electrolyte’s resistance.
The values from the z-fit are displayed in the table and were in Ames’ medium using N = 7 electrodes with a diameter
of 25 um. The goodness of fit (X?/|Z|) was 7.62 + 5.0. C) From the impedance measurements, the resistivity values are
calculated using the PRF method which extracts the resistance |Zp g | where the tissue is most resistive (p p g closest
to zero) (modified from [241]).

the electrode by
c= k- Ry. (6.1)

Subsequently, the electrodes were inserted into the retinal tissue at a step size of 20 um, with
impedance measurements taken at each z-step. The resistance Rz; was once more determined
through the PRF method at each position Z;. Given that the resistance of the tissue (Rr) is
connected in series with the resistance of the electrolyte (Rg), the resistivity at the z-depths can
be calculated by subtracting Rg and dividing by the cell constant

pi = (Rzi — Rg)/c. (6.2)

6.1.2. Correlation of the resistivity profiles and electrophysiological activity

Electrophysiological and impedance measurements were taken at each z-depth within the retina.
Figure 6.2A shows an example of electrophysiological measurements taken with one electrode at
different intraretinal depths for WT and RCS retina. Initially, the probe is positioned in close prox-
imity to the retinal surface via the use of a micromanipulator. At this stage (Z0), no evidence of
spiking activity was observed. To circumvent the issue of tissue dimpling, a preliminary insertion of
100 um is undertaken to penetrate the retina and gain access to position Z1, where small spikes
are picked up with the electrode. This indicates that they are situated in close proximity to the
ganglion cell layer. As the probe traverses the retinal tissue, the amplitude of the spikes increases
with decreasing distance to the spiking ganglion cells. At a certain depth, the amplitude of the
spikes again decreases (Z3 in 6.2A; and Z4 in 6.2A;;), indicating that the probe has traveled past
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the ganglion cell layer and is approaching the photoreceptor side.

Concurrently, impedance measurements were conducted at each z-location. An illustrative exam-
ple from measurements in a WT retina can be found in Figure 6.2B. While the electrode remains
within the electrolyte (in this case, Ames’ medium), there is minimal change in impedance when
the electrode position is altered. However, upon reaching position Z1, a notable change in the
impedance measurement is typically observed. In comparison to the measurement conducted in
the electrolyte, the magnitude of the impedance, |Z,|, is consistently higher across the majority
of frequencies. Meanwhile, the phase trace of the impedance exhibits a slight deviation. As the
intraretinal depth increases, this pattern persists. Nevertheless, at a specific depth, designated as
Z4 in Figure 6.2, the magnitude of the impedance begins to decline.
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Figure 6.2.: Electrophysiological recordings and impedance measurements at different intraretinal depths. A) Electrophysio-
logical recordings of WT (i) and RCS (ii) rat retina at different intraretinal positions Z;. A step size of 20 um was used and
the data was bandpass filtered between 100 and 3000 Hz. B) Example of impedance measurements measured in a WT
retina at different z-positions Z; and in the electrolyte (modified from [241]).

As described in the previous section, from the impedance measurements the resistivity profiles
were created for WT and RCS rats (Figure 6.3B). The resistivity profiles were aligned by their
peaks and the average and standard deviation calculated. The alteration in resistivity values
when penetrating the retina marks the probe’s entry, with a threshold defined as 10 % from the
initial baseline [240]. By this threshold the boundaries of the retina were defined. The RGC
side is situated on the left of the graph and has been aligned for both groups. In contrast, the
photoreceptor side is located towards the right side of the graph and differs between WT and RCS
rats. From these boundaries, the thickness of the retina can be calculated, resulting in a value of
240 um for WT and 120 pm for RCS rats, which is consistent with values found in the literature
[244]. At the RGC side, the resistivity is 0.32 + 0.27 Om for RCS and 0.59 + 0.48 Om for WT. The
resistivity profile shows an increase in resistivity until a peak of 1.76 £ 0.49 Qm is reached for RCS
(N=12) and 2.89 * 0.88 'm for WT retina (N = 12), respectively. From there, the resistivity profile
decreases at the photoreceptor side.

From the electrophysiological data, patterns were identified that can be attributed to the resis-
tivity profile (Figure 6.3C,D,E). The spiking activity increased upon reaching the ganglion cell layer
and remained at a relatively constant level (Figure 6.3C). The increase is not homogeneous with
high standard deviations, as this depends on the specific location and distance to the ganglion
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Figure 6.3.: Resistivity profile and electrophysiological activity of WT and RCS rats. A) Exemplary spiking activity (bandpass
filtered signals) are given at a z-depth of 40, 80, 120, 160, and 200 um for WT and RCS rats. B) The resistivity profile for
WT and RCS rats (N = 12 (WT/RCS)) is shown according to the retinal depth. Spiking amplitude (C), RMS noise (D) and
SNR (E) at each retinal depth (N = 6 each) (modified from [241]).

cells, which can vary from one recording to another. The spiking amplitudes of the RCS are ob-
served to be lower in comparison to the WT recordings. This may also be attributed to the disease,
as it is generally more challenging to capture active spiking cells. The RMS of the noise increases
with increasing retinal depth until it decreases again (Figure 6.3D). A thorough examination of
these profiles reveals a high degree of similarity between the resistivity profile of the WT and RCS
rat models. In the WT model, the peak is reached at 180 um and subsequently declines, in a man-

Page 108 of 215



3D neural implants for in vivo applications

ner analogous to the resistivity profile. A similar trend is observed in the RCS rat model, where
the peak is at 80 pm and subsequently declines. This finding aligns with the hypothesis that noise
is influenced by the impedance of the electrode-tissue interface. As the SNR is derived from the
ratio of the spiking amplitude and the RMS noise, it also increases upon reaching the ganglion
cell layer and declines with rising RMS and falling spiking amplitude (Figure 6.3E). This profile is
particularly noteworthy when considering recordings and stimulation using penetrating electrodes.
In particular, the resistivity profile affects the current spread upon electrical stimulation and should
be considered during simulations to estimate activation patterns.

6.1.3. Simulation of electrical stimulation of the retina using COMSOL

In order to gain a deeper understanding of the current spread upon electrical stimulation, taking
into account the resistivity profile of the WT and RCS retina, simulations were conducted using
the FEM software COMSOL Multiphysics.

COMSOL model descriptions

In order to analyze the electrical field upon current-controlled stimulation, a 2D AC/DC model was
employed in COMSOL Multiphysics. The retinal thickness and resistivity profile were modeled us-
ing the results presented in section 6.1.1. Accordingly, a retinal thickness of 240 um was selected
for WT rats and 120 um for RCS rats, respectively. An interpolation function was employed to
define the resistivity values as a property when the material of the retina was specified. The 25
um PEDQOT:PSS electrode, with a conductivity of 101 S/cm [170] was positioned at a depth of 70
pum for both WT and RCS rats. This position is located within the inner retina, a region deemed to
be an optimal location for electrical stimulation [245]. The stimulation pulse was implemented as
a normal current density Js¢im by

Jstim = Istim/GSA (63)

with the GSA of the electrode. To investigate how the electrical field spread changes depending
on the stimulation pulse lg;n,, @ parameter sweep was performed, with values ranging from 0.5 to
15 pA with a step size of 0.5 um. To evaluation if cell was activated at a specific location by the
electric potential, a 10 um long neuronal cell was considered. For this case, an electric field of
approximately 3000 V/m is needed to depolarize the cell. This value will further be referred to as
the electric field threshold (E;;), which is necessary to activate the tissue [223].

Results of the electrical stimulation

The results of the COMSOL simulation to analyze the electrical stimulation of WT and RCS rats
with intraretinal probes are shown in Figure 6.4. As the stimulating current (ls,,) is increased, the
strength of the electric field also rises. This is demonstrated in Figures 6.4A; and 6.4B;, which
show the effects of I, equal to 3, 10 and 15 puA on both WT and RCS rats’ retina. The dark red
area represents E;,, indicating the portion of the retina where, in the event of a cell being present,
activation would occur. As a consequence of the resistivity profile, the distribution of the spread
is not uniform in z direction, for both, WT and RCS rats. Figure 6.4A;; and 6.4A;;;, illustrate the
evaluation of the electric field in a WT rat, according to the distance of the electrode in the x and z
directions, respectively. Figure 6.4B;; and 6.4B;;; present the same data set for RCS rats. The E;,
of 3000 V/m is indicated in all four plots. It is evident that in x direction, E;;, in RCS rats is reached
with higher currents in comparison to WT rats. For instance, to stimulate a cell which is located
50 um away from the electrode in x-direction, an lg;,, of 7.5 pA is sufficient for WT, whereas 9 pA
are required for RCS. This represents an increase of 21%. Similar observations are evident in the
z-direction towards the deeper layers of the retina. For instance, when indirect stimulation of the
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ganglion cells is desired, for example of the bipolar cells which are in the INL layer, the current
required is 9.5 YA at a distance of 50 um in RCS rats and only 6 pA in WT rats, thus an increase
of 58%.
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Figure 6.4.: Results of the simulation of electrical stimulation of WT (A) and RCS (B) retina. The electric field spread is evaluated
for a range of stimulation pulses ls¢im. The norm of the electric field for a ls¢iy, of 3, 10 and 15 pA is shown in A; and
B; for WT and RCS rats, respectively. The electric field depending on the distance to the stimulation electrode in x (ii)
and z (iii) direction is shown for WT (A) and RCS (B) rats while varying ls¢;.,, from 0.5 to 15 pA with a step size of 0.5 um
(modified from [241]).
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6.1.4. Discussion of the findings

The previously discussed data demonstrates that there are significant differences in the resistivity
of the retinal layer between diseased and WT retinas in rats. The values observed in the WT
retina are consistent with those previously reported in the literature [239]. The resistivity trace of
the diseased rat model exhibits a high degree of similarity to that of a diseased mouse models
retinal degeneration 1 (rd1) and rd10 [240]. The experiments were conducted on 10-month-old
RCS rats, which are considered to be fully blind. This was tested during the electrophysiological
experiments by optical stimulation, which yielded no response. Nevertheless, further recordings
of the RCS at different ages would be beneficial in order to gain further insight into the timing of
the change in resistivity and its development over time. Furthermore, it would be advantageous to
evaluate alternative approaches for resistivity estimation, as noise can affect the accuracy of the
PRF method, as illustrated by the relatively high standard deviations observed in the measure-
ments. For example, the least squares method is thought to be more precise [242]. Furthermore,
chronic in vivo implantation with penetrating implants often results in impedance changes due to
foreign body reactions, which can lead to glial scar formation and device encapsulation [90]. It
would be of interest to utilize this methodology with flexible BIMEA in chronic in vivo conditions to
investigate the efficiency of stimulation in the context of changing electrode impedance.

In the context of penetrating retinal probes, the examination of resistivity traces in conjunction with
electrophysiological measurements represents a valuable methodology for identifying the position
of the electrode within the retina. The location can be identified from both the resistivity value and
the electrophysiological recordings, for instance by calculating the RMS of the noise. In principle,
this could be implemented as a closed-loop circuit, with the electrode position being automatically
adjusted in accordance with the response upon electrical stimulation. By this, the optimal location
for the electrical stimulation of retinal cells could be determined. Moreover, impedance and resis-
tivity measurements serve as a valuable tool for evaluating the success of surgically placing the
probe in the eye, particularly when testing surgical procedures on cadaveric animals.

The results of the COMSOL simulations demonstrate that the impact of resistivity alterations in the
degenerated retina is a critical factor to be considered when developing a protocol for electrically
stimulating retinal cells with intraretinal electrodes. This further underscores the necessity for a
bidirectional communication approach in retinal prostheses, which enables the investigation of the
diseased retinal network and the adjustment of electrical stimulation parameters in accordance
with feedback from the cells, the electrical properties of the retina, and, consequently, the level of
degeneration, which is subject to change in affected patients over time.

6.2. Retinal electrophysiological recordings using 3D neural
implants

The objective was to develop an intraretinal application, whereby recordings could be made from
the 3D retinal space of the various retinal layers. As previously stated, the KiRi and PiRi designs
were aligned with the dimensions of a rodent’s retina to span various retinal layers. Therefore, 3D
kirigami intraretinal implants comprising 32 shanks of 225 ym height, as illustrated in Figure 4.6,
were utilized. Each shank contained three or four electrodes (i.1, i.2, i.3, and i.4) with a vertical
inter-electrode distance of 12 um. In future applications, the objective is to simultaneously achieve
electrical stimulation and recording with electrodes of the same diameter. For this reason, the
diameter of the i.1 electrode was set at 25 pm, while the diameter of the i.2-4 electrodes was
reduced to 15 um. Moreover, in order to gain access to all three dimensions of the target tissue
(including the surface), the KiRiRet incorporates surface electrodes for epiretinal coupling. The
PiRi probes were utilized with either a multisite configuration or single pillars. The use of surface
electrodes was not employed in this instance.
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6.2.1. Insertion of 3D implants into the retina

Figure 6.5A illustrates the insertion of a KiRiRet probe into the retina, which was situated within
a perfusion chamber and maintained in a continuously perfused solution of fresh Ames’ medium
(see Appendix C.1.1). Initially, the probe was positioned in close proximity to the retinal surface
utilizing a micromanipulator (Figure 6.5A;). Subsequently, an insertion rod was positioned in close
proximity to the probe’s surface utilizing a second micromanipulator (Figure 6.5A;;). Then, the
insertion rod was lowered in a stepwise manner at a velocity of 200 pm/s in accordance with
a meticulously delineated insertion protocol, thereby ensuring minimal insertion-related damage
until all shanks have penetrated the tissue (Figure 6.5A;;;).
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Figure 6.5.: Insertion of a KiRiRet probe into explanted rat retina. The insertion of a KiRiRet probe with shanks of 225 pm length.
A) Images during the insertion: First the probe is placed close to the surface of the retina (i), then the insertion rod is
used to press the implant towards the retina (i) until the shanks fully penetrate the tissue (iii). After retracting the insertion
rod, the shanks remain within the retina. B) The illustration depicts the measurements of a single shank comprising
three electrodes (E1, E2, and E3) and a surface electrode (SE). The accompanying recordings illustrate the intraretinal
placement of the KiRi probe following a stepwise insertion process (Z1-Z8). Initially, a large step of 100 pm was performed
to reach Z1, followed by subsequent steps of 20 um. The yellow bar indicates the time points of optical stimulations, which
were done at each insertion step (modified from [197]).

The kirigami electrodes were positioned on the epiretinal side, in close proximity to the ganglion
cells, which are known to express action potentials. Figure 6.5B illustrates the recording during
the implantation of an exemplary shank and a surface electrode. In Figure 6.5A the electrode ar-
rangement is illustrated and a microscopic picture of a KiRi probe penetrating the explanted retina
is shown. When the probe was placed in close proximity to the surface, no electrophysiological
activity was detected by the electrodes (see Figure 6.5B). Following the initial 100 um insertion,
the first electrode of the shank began to register spikes. This suggests that the initial insertion
step was large enough to overcome tissue dimpling and penetrate the retina, allowing the elec-
trode to reach a position in close proximity to the ganglion cell layer. Subsequently, the probe
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Figure 6.6.: 3D electrophysiological recordings during the insertion of a KiRiRet probe. This example shows an recording
(bandpass filtered data) of 16 electrodes distributed on four shanks and two surface electrodes (SE1 and SE2), which
capture spiking activity at different points in time. The insertion steps are indicated by dashed vertical lines (modified from
[197]).

was inserted in a stepwise manner, with a movement of 20 um. As the probe progressed deeper
into the retinal tissue, the E2 and subsequently the E3 electrodes commenced detection of the
activity, as they also reach the ganglion cell layer. Concurrently, the amplitude in E1 was observed
to increase further, indicating that the probe was approaching the spiking cell. At a specific depth
(Z4), all electrodes captured spiking activity, including the surface electrode. From Z4 to Z5, the
amplitudes in all electrodes increased, indicating a reduction in distance to the spiking ganglion
cell. Following another insertion step reaching position Z6, the amplitude in E1 was observed to
be decreasing, thus indicating an increase in distance to the spiking ganglion cell. Subsequently,
upon taking an additional step, the deepest electrodes traversed the ganglion cell layer, resulting
in the observation of no longer discernible spiking activity from the background noise.

Similar spiking patterns were observed across the shanks of the 3D kirigami device (Figure 6.6).
In this instance, the deepest electrodes of shank 2 (E2.1) picks up spiking activity one insertion
step ahead of the other shanks. This might be attributed to the characteristic concarve surface of
the retina. This findings underline further how monitoring the spiking activity is a useful tool for
positioning the shanks and ensuring that all shanks are inserted at their full length.

This method allows for tight coupling between the neurons and the electrodes indicated by high
peak-to-peak amplitudes of APs of up to 600 pV (Figure 6.7) with an SNR of 72, while the average
SNR was 10.4 + 9.5.

200 uv

L.,

600 pv
peak-to-peak

Figure 6.7.: High amplitudes of spiking activity measured with a KiRi probe. Peak-to-peak amplitudes of up to 600 puV with an
SNR of up to 72 were measured in the retina using KiRi probes. In this figures the bandpass-filtered data is shown
alongside the sorted spikes.
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Figure 6.8.: Insertion of a multisite PiRi probe into explanted rat retina. The insertion of multisite pillars containing three elec-
trodes with a height differential of 20 um each is depicted (A) and a microscopic picture of a PiRi probe penetrating the
explanted retina is shown. Recordings demonstrating the intraretinal placement of a multisite pillar subsequent to step-
wise insertion (Z1-Z4) are provided (B). Additionally, recording sections at Z4 (C) and spike waveforms recorded from
individual electrodes (D) within a single multisite pillar are shown (modified from [41]).

Similarly, a multisite PiRi probe was implemented and tested in order to gain access to the
3D intraretinal space. Figure 6.8A shows a schematic of the electrode arrangement as well as a
microscopic picture of the PiRi probe penetrating the explanted retina. Figure 6.8B illustrates a
recording example in which the insertion of the implant was conducted with an initial step size of
100 pum, followed by step sizes of 50 um. Consequently, at the initial insertion stage (Z1) illus-
trated in Figure 6.8A, the lowest electrode (E1) penetrated the retinal ganglion cell layer (GCL),
thereby enabling the recording of spontaneous activity. The second electrode (E2) recorded lower
amplitude spikes as it was situated further away from the ganglion cells, potentially at the retinal
surface. No spiking activity was observed at the third electrode (E3), as its location was not yet
close enough to capture the electrophysiological signal. Following a second insertion step (Z22),
an increase in spike amplitude was observed in both the E1 and E2 electrodes, while the E3 elec-
trode also began to capture spiking activity. Upon further insertion into the retina (Z3 and Z4), a
decrease in spiking activity amplitude was observed in E1, while a slight increase was noted in E2
and E3. This confirmed that these electrodes have also penetrated the GCL. Consequently, at Z4,
E2 was in closest proximity to a spiking cell, exhibiting the highest amplitude spikes. Peak ampli-
tudes of up to 80 pV, an average SNR of 9.5 + 6.3, and a maximum SNR of 25.2 were captured.
The recordings obtained during the implantation of KiRi and PiRi electrodes demonstrate the high
degree of precision with which the method enables the positioning of the electrodes within the tis-
sue. This enables the optimization of neural measurements from disparate regions of the tissue,
as well as the identification of the optimal location for the subsequent application of electrical stim-
ulation. A closer examination of individual spikes reveals that the same units in the neural column
are being followed by the electrodes within one shank (KiRi) or multisite pillar (PiRi). This is evi-
denced by the minimal conduction delay of 0.5 to 1 ms observed in all channels, which captures
the same waveforms with varying amplitudes (see example in Figure 6.8B,C,D). These results
align with those of previous studies that employed two-dimensional (2D) multisite and penetrating
intraretinal electrodes in retinal models [78][155]. This application demonstrates the capacity for
neural recording, specifically tracking the same neuronal column at varying depths. Additionally,
this methodological approach can facilitate identification of the optimal locations for both record-
ing and electrical stimulation of neural activity, which is a critical consideration for future retinal
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prosthetic devices.

6.2.2. Optical stimulation of healthy retinas

The KiRi and PiRi implants facilitated the recording of clear physiological responses when the
retina explant was stimulated with light. Typical waveforms in the low-frequency range (less than
100 Hz), designated as LFP (large field potentials), and a change in the firing rate of the spiking
activity of retinal ganglion cells were observed to occur in conjunction with optical stimulation.

100 v
A 1s M © SE2
y ®SEL
'V E4.4
y ) VE33NE3 41 EAS
VE13\E$7 133\ E42
- ‘ ; E12 E2.11E32VE41
4 4 | depth E11 E3.1
—~ T\
0 VT sH SE2 E3.4 E44
Lis -»\/"“20 uv 20 pv 50 fv 50 fv
T i L VL "\[\"15 »\/\*15
50 pv
v L 1s
\/ / E13 £2.3 £3.3 E4.3
ON reaction M w W "VM"“
100 pv OFF reaction
L sooms E1.2 E2.2 £3.2 E4.2
iv w m/w\ W ﬁ/"‘ﬁu

‘ ON and OFF reactions

v ON reactions E3.1 E4.1

E1.1 E2.1
OFF ti
. reactions ‘W Jv” o

-~

)

Figure 6.9.: Optical stimulation of explanted retina recorded with a KiRiRet implant. A) The bandpass-filtered signal and firing
rates upon light stimulation using a 500 ms long light pulse every 15 s are illustrated in (i). In (ii), a zoom-in is provided
to show the OFF as well as the ON reactions captured with individual electrodes. In (iii), the spikes are sorted to provide
further insight into the type of recorded reaction, which differs in the 3D intraretinal space (iv). B) The 3D map of LFPs
upon light stimulation after low-pass filtering and averaging the responses is presented (modified from [197]).

The spike sorting of the trace following optical stimulation of a dark-adapted retina demonstrates
that a single electrode can capture multiple ON and OFF pathways (Figure 6.9A;, and zoom-in in
A;;), revealed by spike sorting (Figure 6.9A;;;). ON pathways are activated when light is switched
on, while OFF pathways are activated when light is switched off (see section 2.1.3). Furthermore,
the ON and OFF reactions can be classified with greater specificity. For instance, an OFF transient
reaction is defined by an increase in firing rate for a brief time interval following the illumination’s
deactivation. A 3D map was constructed by analyzing the optical stimulation responses of the
recording electrodes, which demonstrates the locations where ON and OFF reactions were ob-
served (Figure 6.9A;,). In this example predominantly ON reactions were observed, with the pres-
ence of OFF reactions in some electrodes that were situated on the same shank. This illustrates
the intricate nature of the retinal neural tissue and emphasizes the importance of a comprehensive
examination of the retinal network.

Moreover, LFP recordings were made at the onset of illumination, displaying waveform morphol-
ogy similar to that observed in ERG recordings. These comprise the summed activity of retinal
neurons and reflect photoreceptor and bipolar cell function. This observation was also reported in
previous studies utilizing 2D intraretinal probes [155]. In this instance, the typical a- and b-waves of
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an ERG exhibit a change in polarity when the electrodes are situated in close proximity to the pho-
toreceptor layer within the retina. The same behavior was observed with the kirigami electrodes
(see Figure 6.9B). The two epiretinal surface electrodes, SE1 and SE2, exhibit a smaller amplitude
for the a-wave in comparison to the b-wave. In general, the electrode situated in closest proximity
to the ganglion cells, such as E2.4 or E3.3, exhibits the highest amplitudes, whereas electrodes
positioned deeper within the tissue, at a greater distance from the ganglion cells, demonstrate
comparatively lower amplitudes, such as 2.3 or 3.2. Upon reaching deeper layers, in closer prox-
imity to the photoreceptors, a shift in polarity of the a- and b-waves is typically observed, as evi-
denced by E2.1. Although the electrodes in all shanks are horizontally aligned, the retina does not
have an even surface, particularly when prepared for in vitro recordings. Consequently, electrodes
of different shanks at the same horizontal location may be located at different depths within the
retina. The analysis of spiking activity and LFPs represents a valuable approach for determining
the position of the electrodes within the retina.
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Figure 6.10.: Optical stimulation of explanted retina recorded with a PiRi implant with straight pillars. The use of straight PiRi
pillars for in vitro retinal recordings allows for the capture of raw electrical signals (A;), spiking activity (bandpass filtered
signal) (A;;), and local field potentials (lowpass filtered signal) (A;;;) captured upon optical stimulation. Individual optical
responses were observed, and it was found that the firing rate (blue trace) of the spiking signal (black trace) increased
upon optical stimulation (A;,). In B), distinct neural waveforms corresponding to the spikes of the ON-pathway are
demonstrated (i). Furthermore, averaged ERG-like waveforms (ii) were recorded following four to five stimuli represent-
ing the summed activity of the retina (modified from [41]).

A comparable investigation was conducted with PiRis as illustrated in Figure 6.10A. The firing
rate was observed to increase in response to optical stimulation. This suggests that the record-
ing electrodes were positioned in close proximity to tonic ON-ganglion cells, which exhibited a
sustained spiking response during light stimulation. The LFPs (Figure 6.10B;;), were also compa-
rable to the reported waveforms of ERGs from intraretinal recordings in explanted mouse retinas
[155]. In contrast to the recordings obtained with the KiRiRet implant, a change of polarity was
not observed with the PiRi electrodes. This is due to the shorter length of the electrodes, which
do not reach the deeper retinal layers. However, the biphasic waveform of somatic spikes in the
retina extracted from the bandpass-filtered signal (Figure 6.10B;) indicates a deep insertion into
the retinal ganglion cell layer [246].

6.2.3. Electrophysiological recordings from degenerated retinas

Following the death of the photoreceptors, the retina initiates a remodeling process. As previously
outlined in section 6.1, this results in alterations to the properties of the retinal network. In the
case of rd1 and rd10 mice, there have been comprehensive investigations into the intrinsic neu-
ronal oscillations that were observed during electrophysiological recordings. In the widely utilized
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mouse model of retinal degeneration, rd1, the loss of photoreceptors results in the emergence of
rhythmic electrical activity within the remaining retinal network, exhibiting frequencies of approx-
imately 10-16 Hz [247]. In contrast, in rd10 models, oscillatory activity occurs at frequencies of
3-7 Hz [247]. The rd10 model, exhibits delayed onset and slowed progression of the degenerative
process, rendering this strain of mice a superior model for studying human retinitis pigmentosa.
The efficacy of electrical stimulation was found to be diminished in comparison to WT retinas in
the rd10 model. In instances where oscillations disappeared spontaneously or were terminated
through pharmacological intervention, stimulation efficiency demonstrated an increase to levels
that were comparable to those observed in WT animals [248]. It is therefore of paramount impor-
tance to ascertain the origin and occurrence of these oscillations in degenerated models, as they
have the potential to significantly impair the performance of a retinal implant.

As RCS rats possess an enlarged retina, which is more suitable for testing larger (3D) probes, they
are increasingly being used as a diseased model to test for the development of retinal prostheses.
The results of section 6.1 indicate a comparable alteration in resistance to that observed in the rd1
and rd10 mouse models. Consequently, it may be hypothesized that the retina will exhibit charac-
teristic electrophysiological behavior in the form of spontaneous rhythmic activity. As oscillations
might interfere with the performance of a retinal implant, it is important to know, whether they are
a common feature of retinal degeneration models. This hypothesis was tested using 3D probes,
KiRis and PiRis.

Investigation of oscillations

In the RCS rats, LFPs, which reflect changes in the extracellular ion concentration that accompany
the firing of neurons, were present in the form of oscillatory rhythmic activity, similarly to what was
observed in rd1 and rd10 mice. Oscillations in the LFPs were observed regularly in RCS retinas,
but were never recorded from WT retinas under the same experimental conditions. The oscillations
exhibited an irregular occurrence pattern, comparable to that previously documented in diseased
mice [247]. As the rats aged and the disease progressed, the number of observed oscillations
increased. Figure 6.11 depicts the oscillations using penetrating KiRi electrodes, which were
utilized to record for a longer duration (3 min) to facilitate a comprehensive analysis of the behavior
and occurrence of these oscillations. In rats of three months of age, oscillations are observed on
an occasional basis, with an average of 0.6 oscillations occurring in five-second windows. In rats
of six months of age, the occurrence of oscillations is observed to increase, with an average of
1.9 oscillations noted in five-second windows. In the case of a 19-month-old rat, the number of
oscillations rises to 3.9 in a five-second window.

It would be of great interest to investigate which layer of the retina the oscillations are pre-
dominantly recorded in using penetrating electrodes, as this could provide insight into their origin.
Initially, a comparison was conducted between surface and penetrating electrodes utilizing the
KiRiRet probe. As illustrated in Figure 6.12, which depicts the raw and LFP data in addition to the
spectrogram of a 19-month-old RCS rat, a notable distinction between the surface and penetrat-
ing probes was observed. The surface electrode demonstrated a lower capture rate of oscillations
compared to the penetrating electrode. Furthermore, the spectrogram indicated that the majority
of frequencies below 5 Hz contributed to the oscillations.

This is also demonstrated by the fast Fourier transformation (FFT) of the recorded traces. This
was analyzed in Figure 6.13 using 3-, 6-, and 19-month-old RCS rats. It is evident that in all
ages, there is a shift in the FFT highest peak when comparing the surface with the penetrating
electrodes. In the 3-month-old rat, there were nearly no oscillations and peaks. The FFT was
highest at approximately 1 Hz, which may also be indicative of low-frequency noise. Conversely,
in traces exhibiting discernible oscillations, the peak in the FFT was observed at around 2.5 Hz
in surface electrodes, shifting to approximately 2 Hz in penetrating electrodes, where oscillations
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Figure 6.11.: Occurence of oscillations in RCS rats. Raw data (i), LFP data (ii) and counted oscillations (iii) in 5 s long time windows
for 3 months (A), 6 months (B), and 19 months(C) months old RCS rats (modified from [249]).

were captured with higher amplitude. Similar observations were made in rd10 mice [156].

As the characteristics of the oscillations were observed to differ within the different retinal depths,
as evidenced by the analysis of the frequency components, in the next step, the spread of oscilla-
tions was investigated using the 3D nature of the PiRi and KiRi probes. As the used PiRi electrodes
have a height of 65 um, they were supposed to be positioned in the IPL layer, in proximity to the
GCL. With a PiRi-iM probe, an area of around 270 x 220 um is covered by the electrode array at
one single z-plane. In Figure 6.14A, the raw data and LFPs are shown which were recorded in the
retina of a 19-month-old rat. Typically, the low-frequency deflections are phase-locked with spiking
activity (Figure 6.14B). Interestingly, some oscillations expressed a similar shape in several elec-
trodes which might indicate that the rhythmic activity was triggered at one side of the retina and
travels to another area. This is further supported by the analysis of the cross-correlation which
shows that the data of E4 and E8, which are neighboring electrodes with a distance of 56 um are
highly correlated (Figure 6.14C, other electrodes in Figure C.2A). The waveforms were observed
to travel between the pillars with velocities of 3 to 6 ms. This is similar to what was observed in
rd10 mice (3 mm/s [247]) and rd1 mice (8 mm/s [250])
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Figure 6.12.: Oscillations in RCS rats recorded with a surface versus a penetrating KiRi electrode. Raw data (i), LFP data (i)
after low-pass filtering and spectrogram of recordings from a retina of a 19-month-old RCS rat using a surface (A) and
penetrating (B) KiRi electrode.

The KiRi electrodes allowed to additionally investigate how the oscillations differ in all three
dimensions of the retina while covering a z-depth of 100 um and x - y area of 170 x 270 um with 16
connected electrodes (Figure 6.15). In a manner consistent with the observations made with PiRi
electrodes, the deflections exhibited a phase-locked relationship with the occurrence of spiking
activity (Figure 6.15A;). However, this assertion is largely applicable to electrodes positioned in
close proximity to or within the GCL, such as E1.3 and E1.2 in this particular instance. In contrast,
E1.1 is inserted deeper into the retina, likely located within the OPL, and while no spiking activity
is recorded, oscillations are still captured. As illustrated in Figure 6.15B, similar waveforms were
encountered with a phase shift of 1 - 4 ms of the local minima between neighboring shanks,
which would correspond to velocities of 3 to 12 mm/s. The KiRi implant is equipped with surface
electrodes, a feature that facilitates the comparison of surface recordings with those obtained from
deeper retinal layers. The data of the surface electrode SE1 exhibits a high degree of correlation
with the data of penetrating electrodes in more superficial layers of neighboring shanks (e.g., E1.3,
E2.4, see Figure 6.15B and all electrodes in Figure C.2B). This correlation extends to the other
surface electrode SE2. In contrast, it does not demonstrate a correlation with electrodes in deeper
retinal layers, such as E1.1. Indeed, electrode E1.1 exhibits a correlation only with data from
electrodes of the same shank and with another deep-inserted electrode (E3.1). Conversely, when
examining the cross-correlation of E4.4, which is likely situated in proximity to the GCL, there is a
high correlation to the electrode in the neighboring shank 1. This phenomenon is also observed

Page 119 of 215



3D neural implants for in vivo applications

A 3 months old
Raw data LFP data (< 100 Hz) Bandpass-filtered
(100 - 3000 Hz)

| 20pv | 20uv

0
106 10 Hz

B 6 months old

2
| 100wV | SOmv | 100V
SE " Y iy W ., " 0 - {
1s 1s s 10 HZ

B AP
0 10Hz

C 19 months old
x108
I 100 puv I 20 pv I 100 pv
2 2.60
SE NSRRI | ey oo o
_ - - 0
1s 1s 1s . 10 Hz
2.03]
I 50 uv )

Wp MMW‘WV"‘WW[M‘V‘ e
xlOG 10 Hz
:I [2:03]
50 pv
10 Hz

)(106

I s0uv 2.35
I

2
WWWW 11 T WW ™ ) e

Figure 6.13.: FFT during oscillations in RCS retina changes with the depth. In this image the raw, lowpass-filtered data (LFPs)
and bandpass-filtered data are presented alongside the FFT for 3 (A), 6 (B) and 19 (C) old RCS rats (modified from

[249]).

in the IPL, where electrodes in a comparable position to the PiRi electrodes (E4.3, E4.2, E3.3, as
depicted in Figure C.2B) exhibit a similar trend. The cross-correlation analysis reveals that retinal
oscillations exhibit both diffusion and containment within specific regions across the retinal 3D

space.
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Figure 6.14.: Oscillations in RCS rat retina recorded with a PiRi probe. A) Recordings using a PiRi electrode (raw data (blue)
and LFP data < 100 Hz (black). B) A closer look at E4 and E8 show that the deflections are phase-locked with spiking
activity (violet). C) A crosscorrelation analysis (LFP data) revealed that the electrodes are highly correlated (modified
from [197]).

The multisite design of the KiRis facilitates the acquisition of enhanced information regarding the
propagation of oscillations across the retina. This enhanced information content enables a more
profound understanding of the disparities in oscillation spread between the deeper retinal layers,
such as the OPL or photoreceptor layer, and the more superficial layers, including the GCL and the
IPL. This finding underscores the utility of KiRis as a valuable instrument for discerning variations
in oscillatory propagation.
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Figure 6.15.: Oscillations in RCS rat retina recorded with a KiRi probe. A) The deflections are phase-locked with spiking activity
(i), when the electrode is positioned in close proximity to the ganglion cell layer. The raw (blue) and LFP (black) data
shows that oscillations are recorded with surface as well as penetrating electrodes (ii). B) Crosscorrelations of the LFP
data of SE1, E1.1 and E1.4 with all other electrodes (modified from [197]).
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Figure 6.16.: Abolishing oscillations using GABA. A) Raw (i), LFP (ii) and spectrogram (iii) as well as FFT (iv) before the application
of GABA. Raw (vi), LFP (vii) and spectrogram (viii) after applying GABA for 1.5 hours. Electrophysiological activity before
(B) and after (C) the application of GABA recorded with a KiRiRet implant. The lowpass-filtered data < 100 Hz are shown
and the deflections are marked with blue circles (modified from [197]).

Subsequently, 500 uM of GABA was administered to observe its impact on the rhythmic activity.
Figure 6.16A illustrates an exemplary recording employing a KiRi probe, in which oscillations are
detected prior to the administration of GABA (Figure 6.16A; raw data and 6.16A;; LFP data). In
the spectrogram, low-frequency components manifest with high power at each oscillatory deflec-
tion. This phenomenon is analogous to the observations made in the FFT, which also exhibited a
peak at 2.2 Hz (other electrodes in Figure C.2D). Following a period of embedding in GABA that
extended for approximately 90 minutes, a marked reduction in the occurrence of oscillations was
observed. The deflections nearly completely vanished and no rhythmic behavior was observed
anymore as evidenced in Figure 6.16B,C. This decline culminated in the absence of rhythmic
behavior, as demonstrated in Figure 6.16A,;_.;;, and the FFT peak (Figure 6.16A,;_:;) is sig-
nificantly less pronounced. Figure C.1 illustrates the duration of GABA application required to
affect the rhythmic activity, as well as the progressive reduction in recorded deflections over time.
Thus, in a manner analogous to the rd10 retina [247][248], the presence of GABA resulted in the
absence of recorded oscillations. The origin of the oscillations has been the subject of debate in
several academic works. One hypothesis posits that the electrical coupling between cone ON-
bipolar cells and All amacrine cells, facilitated by gap junctions, plays a role in the generation
of these oscillations. It has been demonstrated that oscillations only occur when the membrane
potential of the All amacrine cells is within the range necessary to open their voltage-activated
sodium channels. Subsequently, the oscillatory activity was conveyed via bipolar cells [251][252].
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In contrast, Yee et al. put forth the hypothesis that an oscillator in amacrine cells serves as the
source of rhythmic activity [253]. The inhibitory transmitters GABA abolish oscillations in RCS
retina, which is in agreement with both aforementioned hypotheses. In the first hypothesis, the ef-
fect of GABA is to hyperpolarize the membrane potential of the All, thereby reducing the likelihood
of sodium channels becoming activated. In the amacrine cell model, GABA reduces the rhythmic
input from amacrine cells [249].
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6.3. Insertion footprint of kirigami and 3D printed neural probes

The proof-of-concept for flexible KiRis and PiRis for intraretinal applications in vitro was estab-
lished. Subsequently, the performance of both devices was evaluated according to their insertion
footprint. KiRi probes with 32 shanks of length 225 pm and an inter-shank distance of 50 pm
or 100 um were tested. Thus, they will be designated as KiRi-i50 and KiRi-i100. The PiRis are
designed with multisite pillars at a distance of 80 um between pillars and with pillar heights of 80,
100, and 120 um, hence the designation PiRi-Multi. Moreover, straight pillars with a height of 65
pum and inter-pillar distances of 16, 56, 106 and 150 um were tested and subsequently labelled
PiRi-iS, PiRi-iM, PiRi-iL and PiRi-iXL, respectively (see Figure 4.16 and 4.17). For the KiRis-i100,
insertion speeds v;,, of 200, 1000 and 4000 um/s were tested, in accordance with the protocol out-
lined in section 3.4.1. Thus, an insertion speed v;,, that resulted in the least damage was selected
for the next experiments. Two to three insertions were conducted for each device, yielding a total
of 24 retinal samples using in total eight TN-L15 mice.

The insertion impact of the 3D devices was evaluated in accordance with the methodology in sec-
tion 3.4.1. The acute insertion footprint of the devices was quantified based on the insertion trauma
area ITA, defined as the insertion hole area encompassing the dead cells within and surrounding
the borders of the insertion site; and the number of dead cells within each ITA.

Acute insertion footprint of kirigami implants

In order to evaluate the insertion footprint of different KiRi devices, a comparison was conducted
between the KiRi-i50 and KiRi-i100. In Figure 6.17A; and 6.17C;, the ITA of each shank of the KiRi-
i50 and KiRi-i100 probes are indicated by white dashed lines in the whole-mount images of TN-L15
retina with stained dead cells (red). In order to gain a more complete picture of the location, depth
of the dead cells and cross-section retina, 3D projections were used in conjunction with the whole-
mount images. The ITA for both the KiRi-i50 and KiRi-i100 is relatively small, with a mean of 1097
+ 407 um? and 943 £ 329 um?, respectively. This is only about double the size of the cross-section
of a KiRi shank. Despite the slight reduction in ITA size observed for the KiRi-i100 samples in
comparison to the KiRi-i50 samples, no statistically significant difference was identified. In the

that dead cells are present beyond the ganglion cell layers, indicating a deep intraretinal insertion
for both cases. The number of dead cell within the ITA was quantified for both devices. Examples

in order to more clearly demonstrate the depth of the insertion. The mean number of dead cells
within the ITA for KiRi-i50 and KiRi-i100 was found to be 1.2 £ 1.0 and 0.9 *+ 0.9, respectively.
These values did not indicate any statistically significant difference. Furthermore, it is important
to note that some dead cells are dislodged from the retina and transported with the shanks upon
extraction, ultimately accumulating on the surface of the retina, as for instance observed in Figure
6.17C;.

The insertion speed (v;,,) was evaluated using the KiRi-i100 in order to ascertain its effect on the
insertion impact. The probes were inserted with an v;,, of either 1000 or 4000 um/s. The ITAs are
indicated by white dashed lines in the whole-mount images of TN-L15 retina with stained dead
cells in Figure 6.17B; and 6.17D;, respectively. In comparison to the data presented in Figure
6.17B; where a v;,, of 200 um/s was employed, it is evident that the larger ITA and higher amount
of dead cells are a consequence of the KiRi-i100 probes being inserted at higher velocities. At
a speed of 1000 um/s, ITAs were found to possess a size of 1389 = 706 um? containing 1.3
1.5 dead cells. Therefore, the ITA is markedly increased by 32% in comparison to the lower v;;
of 200 um/s (see Figure 6.17E). At a v;; of 4000 um/s, the acute insertion impact is even more
pronounced with an ITA of 2393 + 1429 containing 3.8 + 3.6 dead cells. In this instance, the ITA
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Figure 6.17.: Insertion impact of KiRi probes upon different insertion speeds. The insertion of KiRi-i50 (A) and KiRi-i100 (B)
implants was performed using an insertion speeds v;,, of 200 um/s. In addition, for the KiRi-i100 device, v;,, of 1000 (C)
and 4000 pm/s (D) were evaluated to analyze the impact of v;,, on the acute insertion damage. Whole-mount images
with ITAs marked with white dashed circles (i) as well as zoom-ins into the white area (ii) and the cross-section (iii) after
rotating the 3D images by 90° are shown. The ITA of KiRi-i50 and KiRi-i100 (D) as well as the number of dead cells
within each ITA was evaluated (E) and illustrated by box plots. The mean values are indicated with black stars inside the
box plots. Statistical analysis was conducted using pairwise unpaired t-test with Bonferroni correction(* for p < 0.05, **
for p < 0.01, *** for p < 0.001, N = 27, 31, 18, 45 for KiRi-i50, KiRi-i100 at v;,, of 200, 1000, and 4000 um/s respectively)
(modified from [197]).

increased by a factor of 1.5 and the number of dead cells increased by nearly a factor of 4 in
comparison to a v;; of 200 pum/s. This represents a highly significant change (see Figure 6.17E
and 6.17F).

Additional stainings of the RGC, amacrine and photoreceptor cells were conducted to ascertain
the depth of insertion according to section 3.4.1 (see Figure 6.18). Here, the size of the ITA was
403 + 155 um? and 454 *+ 152 um? for the KiRi-i100 and KiRi-i50, respectively. 1.3 + 1.1 dead
cells were identified within the ITA by a KiRi-i100 probe and 1.6 + 1.4 for the KiRi-50 probes,
respectively. The differences, especially in the site of the ITA, are mainly due to the additional

Page 125 of 215



3D neural implants for in vivo applications

staining of the RGC with green fluorescent protein (GFP), which allowed for better identification

z-axis of the ITAs. Additionally, within the photoreceptor layer, some dead cells were observed,
which suggests that the KiRi shanks were successfully inserted and that they penetrated the entire
retina.

This analysis aimed to evaluate the influence of the insertion speed (v;,) and the inter-shank
distance of the KiRi shank with respect to the acute insertion impact. In conclusion, the absence
of a statistically significant difference between the ITA and dead cell count of the KiRi-i50 and
KiRi-i100 probes indicates that the inter-shank distance does not exert a considerable influence
on insertion damage. This implies that the inter-shank distance could be further reduced with the
objective of placing the shanks in closer proximity, thus creating an implant with an even higher
electrode density. Nevertheless, it is possible that this may eventually have an impact when the
shanks are positioned in closer proximity. It is therefore recommended that further investigation
be conducted with more densely packed shanks. The selected low v;,, demonstrated a significant
impact on improving the acute insertion damage, findings that align with those of other researchers
in the field [254]. In contrast, other research groups have proposed that higher insertion speeds
are beneficial for (flexible) neural implants [156][255]. This indicates that insertion damage may
not be exclusively attributable to the v;,, but rather should be considered in conjunction with the
employed insertion protocol and the specific type of flexible probes. In addition, it should be
considered that when evaluating the whole mount images regarding the dead cell count, they
could be obstructed by blood vessels or other cells, as marked with the white arrow in Figure
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Figure 6.18.: Histological analysis of the retina after inserting KiRi probes. Whole-mount images (i) and 3D images (top-view ii,
side-view iii) of a stained retina after inserting a KiRi-i100 (A) and a KiRi-i50 (B) probe. Dead cells are stained in red,
amacrine cells in pink, and photoreceptor cones in blue. Ganglion cells appear in green (modified from [197]).

6.3.1. Acute insertion footprint of 3D printed implants

When analyzing the stained dead cells and fluorescence of the ganglion cells, identifying the ITA
was difficult for the PiRi devices with straight pillars (PiRi-iS, PiRi-iM, PiRi-iL, PiRi-iXL). In contrast
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to the KiRi, clear holes from the penetrating pillars could not be identified in the green channel
which shows the ganglion cells. But, dead cells were found in the insertion area after the insertion
of each PiRi probe as marked in Figure 6.19. The location of the dead cells matched the geometric
placement of the pillars.

100 um 100 pm 100 pum 100 um

1
16 56 00 um
um um 106 um 150 um
<> <> <+—>
PiRi-iMulti PiRi-iS PiRi-iM PiRi-iL PiRi-iXL

Figure 6.19.: Whole-mount images of stained dead cells in TN-L15 mice after the insertion of PiRi probes. The dead cells are
indicated with white arrows after the insertion of a PiRi-iMulti (A), a PiRi-iS (B), a PiRi-iM (C), a PiRi-iL (D) and a PiRi-iXL
(E) probe. Dead cells are shown in red and retinal ganglion cells in green.

Due to the difficulty in identifying the insertion sites, an additional staining of the retinal tissue
was performed (see section 3.4.1). The antibodies Cal and PEA were used to stain amacrine
cells and photoreceptors, respectively. In addition, GFP was used to enhance the fluorescence
of the ganglion cells. After that, it was possible to evaluate the ITA as well as the dead cells for
the different PiRi designs (Figure 6.21). For the multisite design, the ITA has a size of 576 + 240
um?2, which is 2.3 times the cross-section of a multisite pillar. Dead cells were found close to the
photoreceptor layer as evidenced in Figure 6.20A;;;, which is in accordance with the multisite pillar
length of 120 um. The mean ITA of PiRi-iS, PiRi-iL and PiRi-iXI designs were evaluated. With
595 + 346 pm? the PiRi-iS implant express the highest ITA followed by the PiRi-iL implant with
417 + 212 uym? and lastly the PiRi-iXL implant with 389 + 272 um?2. Even though the PiRi-iS has
the largest ITA, there was no statistical significant difference found between all four designs. In
contrast, comparing the amount of dead cells within the ITA, the PiRi-iMulti design showed the
highest number with 2.3 + 2 dead cells, followed by the PiRi-iL design with 0.9 + 0.9 and the PiRi-
iXL design with 0.7 £ 0.6. For the PiRi-iS design, the amount of dead cells couldn’t be evaluated
due to bleaching of some slices. Even though there is a statistical significant difference (p < 0.05)
found between the PiRi-iMulti and the PiRi-iL as well as the PiRi-iXL design in terms of the amount
of dead cells, it should be considered that the PiRi-iMulti design has three electrodes within one
multisite pillar, while the PiRi-iL and PiRi-iXL are single pillar designs. Thus, when the amount
of dead cells was evaluated for each electrode, there were 0.8 + 0.7 dead cells per electrode
found inserting the PiRi-iMulti design, which is comparable with the other two. The 3D analysis
and cross-section view of the stained retina showed that the dead cells were sometimes found
close to the surface. This is mostly true for the PiRi-iS configuration (Figure 6.20B;;;) and might
indicate an unsuccessful insertion due to tissue dimpling. In contrast, the dead cells in the PiRi-iL
and PiRi-iXL insertions were found in close proximity to the ganglion layer (Figure 6.20C;;; and
6.20D;;;, respectively). This is consistent with the pillar length of 65 um.
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Figure 6.20.: Histological analysis of the retina after inserting PiRi probes. Whole-mount images (i) and 3D images (top-view
i, side-view iii) of a stained retina after inserting a PiRi-iMulti (A), a PiRi-iS (B), a PiRi-iL (C) and a PiRi-iXL (D) probe.
Dead cells are stained in red, amacrine cells in pink, and photoreceptor cones in blue. Ganglion cells appear in green
(modified from [197]).

6.3.2. Comparison of the acute insertion footprint of kirigami and 3D printed
implants

A comparative analysis of the acute insertion footprints of KiRis and PiRis was conducted using
images stained with EthD-1, GFP, Cal, and PEA. The results revealed that the ITA of KiRis and
PiRis is similar in absolute numbers, with a significant difference (p < 0.5) only observed between
PiRi-iL and KiRi-i50 probes (Figure 6.22A). When the ITA is divided by the cross-sectional areas
of the specific designs, the value for the KiRis is observed to be lower in comparison to the PiRis,
with a statistically significant difference (p < 0.001) being expressed in all cases (Figure 6.22C).
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Figure 6.21.: Evaluation of the histological analysis retina samples penetrated with PiRi probes. ITA (A) and dead cell (B)
count from the acute insertion footprint comparing various PiRi designs and testing the statistically significant difference
between all of them using an unpaired t-test with Bonferroni correction (* p <0.05, ** p < 0.01, *** p <0.001, N = 10, 11,
11, 19 for PiRi-iMulti, PiRi-iS, PiRi-iL, and PiRi-iXL, respectively) (modified from [197]).

In contrast, no significant difference was observed in the number of dead cells between the KiRi
and PiRi probes, as demonstrated in Figure 6.22B. However, upon dividing the total number of
dead cells within an ITA by the number of electrodes included in the corresponding design, the
PiRi exhibited a greater number of dead cells in comparison to the KiRi (Figure 6.22D).

In summary, the PiRi demonstrated a greater acute insertion impact in comparison to the KiRis,
as evidenced by a larger ITA (divided by the cross-section of the electrode) and a higher density of
dead cells per electrode. These results are particularly noteworthy when considering the geomet-
ric characteristics of the KiRi and PiRi designs. Specifically, the cross-sectional area of a straight
PiRi pillar is approximately 4.5 times smaller than that of a KiRi shank, and the multisite design is
2 times smaller. However, the Young’s modulus should also be considered, and it is lower for the
KiRis (4.73 vs. 1.7 GPa). Additionally, the KiRis are characterized by a sharp tip, while the PiRis
possess a more rounded geometry, which could potentially result in a less seamless insertion.
Furthermore, during the insertion tests in agarose, more buckling was observed in the trials with
PiRis, which could also have a negative impact on the ITA and number of dead cells.

It is also important to note that the insertion depth varied between the KiRis and PiRis, as il-
lustrated in the 3D plots. The length of the pillar was 65 um, with the objective of targeting the
electrodes in the ganglion cell layer for direct stimulation and electrophysiological recordings. This
is approximately 3.5 times smaller than the length of the KiRi shank, which was 225 um and
incorporates multiple electrodes for capturing electrophysiological activity across multiple retinal
depths. Consequently, the individual pillars of the PiRi do not penetrate the retina as deeply as a
KiRi shank, and dead cells were found in more superficial layers, such as the ganglion cell layer.
It should be noted that, in some instances, dead cells were obscured by blood vessels or other
cells, potentially influencing the total number of dead cells. Given that the biological samples were
explanted, some of the dead cells may have corresponded to cells that died during the prepara-
tion of the tissue. Nevertheless, only dead cells aligning with the intraretinal insertion holes were
included in the study.

6.3.3. Success of insertion

The success of the insertion was evaluated during the staining experiments, as all probe designs
were employed during those experiments under the same conditions. The reliability of the ex-
traction of insertion success is contingent upon the nature of the experiment, which in this case
involved a single insertion per retina slice. In contrast, in other experiments, multiple insertions
were performed into the same slice, which could potentially impact the recording due to an in-
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Figure 6.22.: Evaluation of the histological analysis of retina samples penetrated with PiRi probes. ITA averaged over each
shank/ pillar of the KiRi and PiRi designs (A) and devided by the cross-section of the corresponding design (C). Dead
cell count within each ITA (B) and per electrode (D) of the acute insertion footprint comparing various PiRi with KiRi
designs. The statistical significance was tested between the KiRis and PiRis using an unpaired t-test with Bonferroni
correction (* p < 0.05, ** p < 0.01, *** p < 0.001, N = 15, 34, 10, 11, 11, 19, for KiRi-i50, KiRi-i100, PiRi-iMulti, PiRi-iS,
PiRi-iL, and PiRi-iXL, respectively) (modified from [197]).

creased number of dead cells. Additionally, the retina was observed to be healthy and, in general,
more readily captured spikes in healthy tissue, which is less degenerated than in the case of the
RCS rat. Figure 6.23A compares the success of insertion when different insertion speeds (v;,)
were tested using the KiRi-i100 probes. The highest success rate for insertion was observed at a
speed of 200 um/s, with approximately 90% success compared to the use of v;, values of 1000
um/s and 4000 um/s. In these instances, the insertion success was as low as 50% or even only
37%, respectively. This finding aligns with the observed increase in dead cells and elevated ITA
associated with higher insertion speeds. Furthermore, the success rate of KiRi and PiRi probes
correlates with the analyzed ITA when evaluated based on the cross-sectional area (see Figure
6.23B). Notably, the KiRi probes and the PiRi-iMulti probe demonstrated higher success rates
compared to the single pillar PiRi probes. The PiRi-iS probe showed the lowest insertion success,
which is consistent with the previous findings of the stained images, that not all pillars penetrated
the retina successfully (see Figure 6.20B).
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Figure 6.23.: Insertion success of KiRi and PiRi implants. The success rate of the insertion was evaluated for different insertion
speeds with KiRi-i100 probes (A) and during experiments examining the acute insertion footprint of different designs
of KiRi and PiRi implants (B). The data were normalized by the total number of inserted KiRi shanks or PiRi pillars for
each design. Successful insertions are illustrated in green, while unsuccessful insertion attempts are represented in red
(modified from [197]).

6.4. Towards in vivo applications: Cadaveric tests

Prior to in vivo experiments, surgical methods for implantation of 3D MEAs from the epiretinal sur-
face of the retina must be established and tested in cadaveric eyes. As in in vitro experiments, the
vitreous must be removed (vitrectomy) to allow retinal recordings. For acute in vivo experiments,
an open-sky approach was chosen, whereas for semichronic applications, a pars-plana vitrectomy
and implantation of the 3D implants was desired. Cadaveric experiments were either conducted
using the facilities in Julich or at the Department of Ophthalmology, RWTH University Hospital. The
cadaveric surgeries were performed with the help of a retinal surgeon, Dr. med. Tibor Lohmann
(RWTH Aachen University Hospital). Being the standard approach for vitrectomy, the pars-plana
vitrectomy offers numerous advantages, including a small incision in the globe and, consequently,
the potential to maintain constant intraocular pressure [256]. Conversely, the open-sky procedure
results in the complete exposure of the intraocular contents to atmospheric pressure, resulting in
the risk of edematous swelling and reduction of static stability [257]. The latter can be mitigated
using a Flieringa ring [256]. However, for small animals, such as rodents, adapted ring sizes are
not commercially available. Opposed to the elevated risks associated with the open-sky surgery,
there are notable advantages. These include enhanced accessibility for surgical instruments to
the operative site, the capacity to rapidly transition between instruments and modify their position-
ing and a better visibility. The surgical field is directly observed through a microscope, facilitating
greater accessibility and visibility of anterior fundus structures compared to the closed method
[256].

6.4.1. Acute retinal application with open-sky surgery
Open-sky surgical procedure

Prior to the open-sky surgery, the cadaver’s head was fixed to the sterile, covered surgical table
in a rotated position. A corneal incision was initially performed using a paracentesis (MVR Angled
23G-D) (Figure 6.24A). Subsequently, curved scissors (e.g., Castroviejo corneal scissors, Geuder
AG, Reutlingen, Germany) were employed for the removal of the cornea. A complete 360° inci-
sion was made, and the corneal tissue was removed. Damaging of the iris must be avoided, as
this would have resulted in hemorrhage under in vivo conditions, and possibly damage to lens
or lens capsule. Subsequently, a lensectomy was performed using the fishhook technique. To
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achieve this, a 26G x 1/2" cannula was bent at the tip and inserted into the lens from the anterior
lenticular pole. Subsequently, the lens could be elevated and removed (Figure 6.24B). In most
cases, the vitreous body was attached to the posterior lenticular capsule, and was thus simulta-
neously removed. Residual vitreous body was then dislodged and removed. For this step, the
use of tweezers (Geuder AG, Reutlingen, Germany) was preferred over the use of a syringe to
avoid retinal surface damage induced by uncontrolled vacuum. This is supported by findings in the
literature [256]. Subsequently, a saline solution was applied with the objective of preventing retinal
detachment (Figure 6.24C). Perfluocarbon liquid (F-Decalin, Fluoron GmbH, Uim, Germany, 1.93
g/cm3, 0.08/0.10 pS/cm) is denser than water and effectively stabilizes the choroido-retinal com-
plex. However, it is non-conductive. Therefore, prior to the insertion of a 3D implant, the medium
must be exchanged for Polysol (Polytech Domilens, 500/K - 15.93 /16.1 uS/cm). To maintain the
visual field for insertion, the eyelids were secured with tape. The cadaver was then transferred
from the surgical table to the Faraday cage. The open-sky surgeries were conducted on both WT
and diseased animals (RCS rats). Figures 6.24D and 6.24E present the postoperative appear-
ance of a WT and RCS eye, respectively, following open-sky surgery, demonstrating the anterior
segment incision site for implant insertion. Subsequently, the 3D implants were inserted through
the aforementioned corneal aperture (schematic in 6.24F; and microscopic picture of an inserted
KiRi probe in 6.24F;;) with the objective of positioning them in close proximity to the epiretinal
surface. This was achieved through careful navigation, taking advantage of the distinctive blood
vessels that delineate the retina from the underlying choroid.

Figure 6.24.: Open-sky surgery for 3D MEA implantation. A) To remove the cornea, an incision was made using a paracentesis
knife prior to a 360° dissection of the cornea. B) The lensectomy was performed using a fishhook technique. The
vitreous and anterior segment fluids adhered to the lens and were partly removed along with it. C) The eye was filled
with saline solution to prevent retinal detachment. The open-sky surgeries were performed with WT (D) and RCS rats
(E). Subsequently, the 3D implants were inserted through the small corneal openings (schematic in F; and microscopic
picture of an inserted KiRi probe in F;;) with the objective of positioning them in close proximity to the retina (modified
from [197]).

Nevertheless, the open-sky surgery presented a number of challenges. The collapse of the eye-
ball was observed subsequent to the surgical removal of the ocular contents. Prior to conducting
open-sky surgeries on rats, the procedure was first tested on a rabbit obtained from a local abattoir,
which serves as a larger animal model. To prevent the eyeball from collapsing, a Flieringa ring with
a diameter of 12 mm was attached approximately 1 mm distal to the corneal limb. The ring was
then sutured onto the eye at four points (12, 3, 6, and 9 o’clock) using a 6-0 Prolene suture (Figure
6.25A;). The relatively large eye of the rabbit (comparable in size to that of a child) permitted the
placement of a 23G trocar for saline medium infusion, in a distal and posterior position relative to
the Flieringa ring. However, for small animals, such as rodents, the suturing of Flieringa rings is
not a viable option. In one attempt, a customized Flieringa ring with a diameter of 6 mm was at-
tached to the eyeball (Figure 6.25A;;). However, this procedure did not offer sufficient advantages
to justify its implementation. A further challenge was retinal detachment. This phenomenon is
often encountered in post-mortem examinations [258]. It was observed in WT as well as RCS rats
(Figure 6.25B; and Figure 6.25B;;, respectively, indicated by black and white arrows). However,
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further investigation is necessary to ascertain whether retinal detachment would also occur in liv-
ing animals. Another challenge encountered during the insertion of the 3D implants was limited
vision. This was particularly evident in the pigmented RCS eye in comparison to the albino WT
eye (Figure 6.25C; and Figure 6.25C;;, respectively). The limited vision proved to be a significant
challenge when the insertion rod obstructed the field of view. This was particularly evident when
the implant was inserted aiming for the center of the retina (Figure 6.25C;;). Conversely, when the
shanks of the implant were placed close to the peripheral retina (Figure 6.25D;, black arrow), the
shanks were clearly visible prior to insertion and were then observed to penetrate into the retina
(Figure 6.25D;;, black arrow) using the insertion rod to push the implant. It is recommended that
the size of the flexible cable and the shank holder of the KiRi implants be reduced in order to
facilitate their passage through the corneal incision. Enhancing the vision could be achieved by
utilizing a more flexible microscope and vertically aligning the visual axis with the anatomical axis,
or by improving the light source. Another potential solution would be to employ an endoscope. It
is also noteworthy that prior to the surgical procedure, the animal’s head had been rotated. For
the purpose of conducting experiments with living animals, it is therefore essential that the head is
fixated in a rotating stereotactic frame to facilitate this procedure. With the objective of conducting
experiments with living animals, the results of this experiment should be taken into consideration.

B -

~ Implant
~
W=
)wfz/ ®

'Flieringa ring
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Figure 6.25.: Challenges of open-sky surgery for 3D MEA implantation. A) The utilization of a Flieringa ring to inhibit eyeball
collapse was found to be feasible for larger animal models, such as rabbits (i), but presented a considerable challenge
when attempting to attach it in rats (ii). B) Retinal detachment was observed in WT as well as in RCS rats. C) Visual
obstruction occurred during the insertion process, particularly in the pigmented eyes of RCS rats due to limited light
sources (i) and when the insertion rod obstructed the view (ii). D) Conversely, when the implant was inserted into
the peripheral retina, it was possible to monitor the positions of the shanks prior to insertion (i) and when they were
penetrating the retina (ii) (modified from [197]).

Impedance measurements (Comparison of 2D in vitro with 3D cadaveric measurements)

While in vitro experiments may provide insight into the location of electrodes within the retina,
such as through the observation of the polarity of the LFPs upon light stimulation or the analysis of
noise levels or spiking amplitudes, as detailed in section 6.1.1, there is no feedback available when
experiments are conducted with cadaveric tissue. However, when developing surgical techniques,
it is crucial to ascertain whether the insertion was successful. Consequently, during the cadaveric
validation of the open-sky surgical approach, the impedance of the electrodes was measured at
varying intraretinal depths, and the resistivity of the retinal tissue at each position was calculated
as described in section 6.1.1. These values were then compared with the results from in vitro
resistivity measurements (section 6.1.1) to provide insights into the success of the 3D implant
insertion. The experiments were conducted using RCS rats and the results are presented in
Figure 6.26. This figure illustrates that the resistivity trace for both KiRis and PiRis is comparable
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Figure 6.26.: Resistivity of the retina measured in vitro and during cadaveric Open-sky surgical trials with KiRis and PiRis
(modified from [197]).

to the in vitro measurements obtained with 2D probes. Similarly, the resistivity increased as the
probes began to penetrate the retinal tissue, reaching a peak of 1.69 + 0.58 for KiRis (N = 9)
and 1.37 = 0.65 for PiRis (N = 11), which is in a similar range as the peak in the resistivity profile
measured with the 2D BiIMEAs during in vitro recordings. Thereafter, the resistivity decreased
as the probe approached the photoreceptor layer. These findings demonstrate that even during
challenging open-sky insertion and with restricted visibility due to the optics, a successful insertion
was achieved.

6.4.2. Semi-chronic application: Pars-plana implantation

In order to establish a pars-plana implantation procedure for semi-chronic recordings with 3D im-
plants, cadaveric rabbits obtained from a local abattoir were used. For this purpose, KiRi implants
were fabricated containing flaps for handling (Figure 6.27A). As the shank holder of the PiRis
possess enough space, an additional probe design with flaps was not needed. The pars-plana
vitrectomy was performed similarly to the implantation of the VLARS epiretinal implant [259]. For
the insertion of the 3D implants, the 3D-PLAPS insertion device was used [260].

To facilitate access to the surgical site, the eyelids were retracted laterally with the aid of ble-
pharostats. First, a lensectomy was conducted via a corneal incision using a standard phacoemul-
sification technique (Ruck Ophthalmologische Systeme, Eschweiler, Germany). For pars-plana
vitrectomy, three 23-gauge scleral incisions were made for the purpose of facilitating infusion, the
placement of the light source, and the introduction of vitreoretinal surgical instruments (Figure
6.27B). For the infusion, buffered saline solution (BSS, Alcon, Fort Worth, USA) was used. To
facilitate the insertion of the implants into the anterior chamber, the 3D-PLAPS implantation de-
vice was positioned and sutured into an enlarged corneal opening (Figure 6.27C). Subsequently,
the 3D implants were advanced through the channel and maneuvered with the assistance of sur-
gical forceps (Geuder AG, Heidelberg, Germany) (Figure 6.27D). To facilitate retinal attachment
and ensure the secure positioning of the 3D implants at the posterior pole, perfluocarbon liquid
(F-Decalin, Fluoron GmbH, Ulm, Germany, 1.93 g/cm?, 0.08/0.10 uS/cm) was injected into the
eye. The position of the 3D implants within the eye could be adjusted using vitreoretinal surgical
forceps (Geuder AG, Heidelberg, Germany). Subsequently, observation of the implants through
the cornea demonstrated that they had been successfully inserted through the implantation device
(Figure 6.27E,F). While PaC is transparent, the KiRi implant was clearly identified due to its higher
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Figure 6.27.: Pars-plana implantation of 3D MEA in cadaveric rabbit eyes. A) An adapted probe design with flaps was utilized,
facilitating handling during surgery. B) The implementation of an eyelid lock was done to improve access to the surgical
site. Three 20-gauge scleral incisions were created for the purposes of infusion, the placement of the light source, and
the introduction of vitreous surgical instruments. C) The insertion channel (3D-PLAPS device [260]) was introduced
through a corneal incision and sutured. D) The 3D implants were then inserted into the eye via the insertion channel
and maneuvered within the eye using surgical tools. Following the positioning of the implants, they were visible through
the cornea (KiRi in E; and zoom-in E;;, and PiRi in F; and zoom-in F;;, black arrow pointing at the reference electrode)
(modified from [197]).

metal content (Figure 6.27E;;). This was more challenging for the PiRi implants, which contain
fewer feedlines, and thus the reference electrode of the PiRi implant is indicated in Figure 6.27F;
by a black arrow.

During the pars-plana implantation, difficulties were encountered with the trocar system, which
exhibited a tendency to become dislodged when subjected to the forces exerted by surgical instru-
ments. In further experiments, an approach without trocars should be tested. Another challenge
was encountered during the implantation procedure. The implants were manually inserted and
subsequently secured to the lateral aspect of the rabbit head with adhesive tape. Subsequently,
the position within the eye was adjusted using tweezers. However, impedance measurements
could not be taken due to difficulties in establishing a connection between the measurement sys-
tem and the probes. This should be done in future implantations to confirm the insertion. Nev-
ertheless, the implantation through the insertion device was feasible. It would be beneficial to
improve the setup for upcoming experiments. It is necessary to utilize a holder for the implants.
Furthermore, the integration of a micromanipulator could facilitate precise implant movement. Ad-
ditionally, a system for connecting the potentiostat to the probes for impedance measurements
is essential. Furthermore, there is a need to determine whether retinal tacks are necessary for
implant fixation or whether the penetrating shanks are sufficient for this purpose.

6.5. Summary and outlook

The employment of KiRi and PiRi electrodes during in vitro retinal recordings was successfully ac-
complished. Their capacity to record 3D activity provided insights into the underlying functionality
of retinal degeneration, offering a comparative advantage over 2D surface MEAs. An investigation
into the pathological oscillations exhibited by RCS rats is of considerable value in the development
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of retinal prostheses. This is due to the fact that such oscillations have been shown to impede the
efficacy of electrical stimulation, a phenomenon that has also been observed in the rd10 mouse
model [78][248].

The resistivity measurements facilitated enhanced intraretinal guidance during the implantation
of 3D intraretinal probes. Given the flexible nature of the implant and the viscoelastic properties
of the retina, the step sizes do not directly correspond to the insertion depths. This is due to
the fact that the tissue is subject to dimpling during the insertion process. As demonstrated in
section 6.1.1, the intraretinal positioning can be guided by the electrical activity recorded by the
electrodes, as well as by the resistivity of the retinal layers. This methodology was utilized during
the cadaveric trials. The insertion of KiRis and PiRis was successfully completed during cadav-
eric trials of open-sky, as evidenced by the resistivity measurements. In order to proceed with
subsequent trials, it is imperative to enhance the quality of the light source and the illumination
of the surgical site. Furthermore, it may be advantageous to reduce the dimensions of the KiRi
implant, thereby facilitating its insertion through the corneal cavity. In subsequent trials, it would
be advantageous to conduct resistivity measurements during pars-plana implantation. Moreover,
it would be advantageous to ascertain whether implantation can be performed without 3D PLAPS,
with the objective of closing the eye for chronic implantation over an extended period.

Next, the influence of the KiRi and PiRi insertion was evaluated. The results demonstrated that
the total number of dead cells was comparable in both cases. Nevertheless, the relative ITA with
regards to the cross-section of the probes as well as the dead cells per electrode were higher for
the PiRis. This leads to the conclusion that eventually, upscaling and increasing the channel count
may prove to be a more feasible option for the KiRis.

It can thus be concluded that the 3D electrodes provide a valuable tool for advancing the un-
derstanding of the retina, which is of great importance for the development of functional visual
prostheses.

To further investigate these findings, the implementation of a bidirectional stimulation strategy
should be considered in future studies. In previous works, an intraretinal bidirectional communica-
tion strategy was developed, which couples electrically with the inside of the retina [78][155][156].
This strategy demonstrated the feasibility of simultaneous recording and stimulation the retina us-
ing 2D intraretinal implants. It is thus urged that 3D neural probes (encompassing both penetrating
and surface electrodes) be subjected to testing during electrical stimulation and 3D recordings,
with a view to further analyzing the current spread upon stimulation and the spread of electro-
physiological response.

The analysis of the performance of the KiRi and PiRi electrodes, in comparison with existing liter-
ature on electrical stimulation, demonstrated that electrodes coated with PEDOT:PSS are capable
of delivering sulfficient pulses to stimulate intraretinally [156][245][261][262]. Nevertheless, it is
necessary to ascertain whether the CIC measured intraretinally remains sufficiently high, as it
was observed to be reduced, for example, by approximately 20% using implanted IrOx electrodes
[156].

During electrical stimulation of the retina, it is differentiated between network and direct response:
Indirect stimulation of ganglion cells is achieved by stimulating bipolar cells that in turn activate
postsynaptic ganglion cells. The rationale for using indirect stimulation is that the stimulus will be
processed and refined by the remaining retinal circuitry to produce a more natural ganglion cell
output [262]. However, the success of stimulation of the ganglion cells might depend on the state
of retinal degeneration. While for network stimulation, the stimulation threshold was observed
to increase with the state of degeneration in the mouse model [156][263], the ganglion cells re-
mained directly excitable [264]. In light of the remodeling process of the retina in response to
photoreceptor death and the increased stimulation threshold, direct stimulation of the ganglion
cells may prove to be a more viable approach. Asymmetric pulses or alternative waveforms
such as sinusoidal stimulation, as well as deep learning algorithms were recently employed to
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find optical stimulation parameters enhancing the efficiency and selectivity of electrical stimulation
[265][266][267][268][269]. It is recommended that these techniques be utilized and investigated
with KiRi and PiRi electrodes. It is essential to conduct further investigations that consider not
only the explanted retina and measure the response of the retinal network, but also to investigate
the visual pathway from the retina to the brain. This can only be achieved during in vivo trials.
Therefore, during acute in vivo settings, the objective should be to evoke potentials in the retina
using electrical stimulation and map the neuronal activity recorded in the cortex (Figure 6.28).
This will necessitate two surgeries: An open-sky surgery to implant 3D KiRis or PiRis for electrical
stimulation of the retina and a subsequent craniotomy to implant uECoGs for electrophysiological
recordings in the cortex (as previously demonstrated in [66]).

Visual cortex
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Figure 6.28.: From the retina to the brain. Stimulation of the retina using KiRis or PiRis and recording the stimulation response,
which traveled via the visual pathway to the visual cortex, using hECoGs (image (a) from [66]).
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7. Cortical applications

This chapter aims to demonstrate the impact of 3D neural probes on understanding pathological
and healthy activity across a variety of CNS regions and to highlight their versatility in capturing
neural dynamics at differing spatial scales. To this end, the use of flexible KiRis and PiRis for
cortical applications will be presented.

In recent decades, the mouse has become a prominent model organism in the field of brain re-
search. The utilization of a mouse model is advantageous for several reasons. The brain is
reduced in size, the cortex is characterized by a smooth surface, and a range of sophisticated
genetic instruments can be employed to analyze connectivity and manipulate activity in cortical
circuits. In addition, there is a close evolutionary similarity with humans in terms of ion channels,
synaptic receptors, and other crucial molecular elements of the brain. Consequently, a number
of studies have demonstrated that the fundamental response properties observed in humans are
also present in the mouse. With regard to the visual cortex, the existence of essential characteris-
tics of the human visual network - including functional specialization, the segmentation of sensory
information into parallel processing streams, and evidence of active vision - in the mouse under-
scores its potential as a model of early visual processing [270][271].

However, the existence of analogous similarities at the level of cortical neuronal circuits is still
under investigation. In their study, Loomba et al. compared the synaptic connectivity of mouse
and human/macaque cortex, concluding that the principal cells of the cerebral cortex (pyramidal
neurons) exhibited a comparable inhibitory-to-excitatory input balance between the species. De-
spite the significantly larger size of human cells compared to mouse counterparts, human cells do
not receive more synapses. A notable distinction in network complexity was identified, character-
ized by an expansion of the interneuron-to-interneuron network in humans, accounting for nearly
an order of magnitude more connections compared to mice [270]. Hodge et al. utilized single-
nucleus ribonucleid acid (RNA) sequencing analysis to conduct a systematic investigation of cell
types in the human and mouse cortex. Their findings revealed discrepancies between human
and mouse cell types, including alterations in proportions, laminar distributions, gene expression,
and morphology. These variations are likely to impact microcircuit function [272]. These studies
underscore the necessity to analyze the human brain in conjunction with that of model organisms
to avert failures in translation studies. The extent to which the system shares structural and func-
tional principles with higher-order mammals determines the usefulness of the mouse model.
Thus, in this study, in vitro models of epilepsy were investigated using human brain slices, to
demonstrate the impact of 3D neural probes on understanding pathological activity. Additionally,
in vivo studies were performed in mouse models to highlight the ability of 3D neural probes to cap-
ture neural activity at the neuronal level under different conditions. Responses to somatosensory
and visual stimuli were recorded in acute in vivo conditions in the anesthetized and awake brains
of mice, respectively.

This chapter is partly reproduced from the following publications:

e M. Jung, J. Abu Shihada, S. Decke, L. Koschinski, P. S. Graff, S. Maruri Pazmino, A.
Héllig, H. Koch, S. Musall, A. Offenhdusser, V. Rincon Montes. "Flexible 3D Kirigami
Probes for In Vitro and In Vivo Neural Applications". Advanced Materials 2025, DOI:
10.1002/adma.202418524

e J. Abu Shihada* and M. Jung®, S. Decke, L. Koschinski, S. Musall, V. Rincén Montes, A.
Offenhdusser. "Highly Customizable 3D Microelectrode Arrays for In Vitro and In Vivo Neu-
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ronal Tissue Recordings". Advanced Science 2024, DOI: 10.1002/advs.202305944 (*Equal
contribution)

7.1. In vitro human brain slices

Epilepsy research has traditionally relied on intracranial EEG, which is recorded from the surface
of the brain with widely spaced electrodes. To enhance the precision of seizure localization, re-
searchers have employed stereoelectroencephalography (sEEG) implanting high-density neural
probes in deeper layers of the brain [273], or uECoGs [20][58]. A comprehensive 3D map of brain
regions linked to epilepsy could enhance surgical efficacy and facilitate the identification of neu-
rostimulation targets. However, the aforementioned state-of-the-art techniques lack the capacity
to access the 3D space of neural tissue. In contrast, 3D implants possess this capability. By cap-
turing the intricacies of neural tissue, these implants may advance the diagnosis and treatment of
pathological behaviors and eventually enhance the quality of life for affected patients.

A Insertion into human brain slice B Stained human brain slice

Kirigami probe

500 um

S Penetrating electrodes
{3

Figure 7.1.: Insertion of a KiRi probe into a human brain slice. A) Insertion of a kirigami probe into a human brain slice inside a
perfusion chamber with constant inflow and outflow of aCSF. The brain slice is submerged in aCSF and is supported by
a doughnut-shaped filter paper and fixed on a PDMS supporting pillow with insect pins, while the KiRi probe is inserted
perpendicular to the tissue. B) Immunohistological staining for NeuN (red), GFAP (green) and DAPI (blue) showing the
insertion sites of a KiRi probe (modified from [177]).

The acute and cultured brain slices were obtained from recessed access cortical tissue of pa-

tients with epilepsy or tumor at the University Hospital Aachen (Uniklinik Aachen) as described in
section 3.4.1. Due to their thickness of 250 - 300 pm, which is similar to the retina, KiRiRet probes
with a length of 225 pm and straight PiRi probes with a length of 65 um were employed.
Human brain slices were embedded in aCSF and placed in a perfusion chamber of the in vitro
setup, as previously described in section 3.4.1 and shown in Figure 7.1A. The 3D probes were
inserted using the same protocol as that employed for the explanted retina. This involved first posi-
tioning the device on the surface of the brain slice using a micromanipulator. This was followed by
the application of gentle downward pressure by a metal rod attached to a second micromanipula-
tor. The probe was inserted in a manner that allowed individual KiRi shanks or PiRi pillars to span
multiple cortical layers. The placement was validated in two samples via immunohistochemical
staining, as described in section 3.4.1, which revealed the position of the shanks across layers 2/3
to 5/6 of the cortex (see Figure 7.1B). This configuration enabled the acquisition of neural activity
data at varying tissue depths and layers.
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7.1.1. Stimulation with high potassium

The objective of the preliminary experiment was to substantiate that the electrical signals recorded
by the electrodes represented genuine neural activity. To this end, spontaneous activity was ini-
tially recorded and then a physiological response was induced through the elevation of the K+
concentration of the aCSF from 3 mM to 20 mM. This concentration has been demonstrated to
elicit a depolarization block [157]. The latter was observed shortly after adjusting the K+ con-
centration to 20 mM, as evidenced by a pronounced increase in spiking activity, accompanied by
larger spike amplitudes and higher firing rates (Figure 7.2A). Using KiRi probes it was observed
that the increase in firing is not a local event but rather spread throughout the brain slice as the
signal was recorded with different shanks (Figure 7.2B). It was observed, that the start of the de-
polarization block did not occur at the same time across the shanks, but rather with a time-shift
of several seconds, while the firing rate and amplitudes of the spikes were also varying. Similar
observations were done with PiRi probes as shown in Figure C.3.
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Figure 7.2.: Inducing a depolarization block with modified aCSF (high KCI). A) Example of a human brain slice response to
treatment with a high extracellular potassium concentration of 20 mM measured with KiRi probes. Bandpass-filtered data
(i) and the firing rate along the complete recording (bin size = 1 ms) (ii), show that the cells reach a depolarization block
under the treatment and go back to baseline activity after washout (modified from [177]). B) The depolarization block was
observed to occur at different time points across the shanks.

7.1.2. Inducing seizure-like activity

As has been previously reported by other researchers, SLEs can be triggered by pharmacolog-
ical manipulation [182]. An SLE is defined by three key characteristics: a sudden and transient
alteration in neural activity that is distinct from the background activity, a temporal and spectral
evolution of discharges, and a return to baseline activity [58][274]. During SLEs, ictal discharges
are observed, with increased spectral power in a frequency range from 1 to 100 Hz, HFO in the
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250 to 350 Hz range, and increased MUA above 300 Hz. Given the thickness of the explanted
human brain slices, which ranged from 250 to 300 pum, the KiRiRet probes with a shank length of
225 um, which contain both penetrating and surface electrodes, were employed for the purpose of
electrophysiological recordings. PiRi electrodes were not used during this study.
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Figure 7.3.: Seizure-like activity in a human brain slice. A) Electrophysiological activity upon treatment with modified aCSF (8 mM
K7 and 0.25 mM Mg?t), raw data (i), spectrogram (ii), HFOs filtered at 250 — 350 Hz (iii), and firing rate traces (iv).
B) lllustrative examples of an ictal-like discharge, comprising raw data (i), a spectrogram (ii), and filtered HFOs (iii). C)
A comparison of the firing rates during SLEs and those averaged over the entire trace revealed a statistically significant
difference (p < 0.001, using a paired t-test with N = 153 SLEs) (modified from [177]).

Time in modified aCSF (min)

In a second series of experiments, the propagation of epileptic activity within six human brain
slices was investigated by modulating the extracellular ion concentration to elicit epileptic activity
patterns. In accordance with the methodology outlined by Pallud et al. [182], the aCSF medium
was modified by increasing the K+ concentration to 8 mM and reducing the M ¢?>* concentration
to 0.25 mM. Following the introduction of the modified aCSF medium, the occurrence of SLEs was
observed. Figure 7.4A of the accompanying document illustrates a data trace from one electrode.
In addition to the elevated firing rates, low-frequency discharges and HFOs were observed during
the SLEs. Figure 7.4B illustrates a close-up of one of the IDs during SLEs. The recorded electro-
physiological signals were predominantly attributed to frequencies below 1 kHz, as evidenced by
the increased spectral power. The duration of SLEs was determined by a sustained increase in
the firing rate of spiking activity, which exceeded the baseline firing rate (evaluated by the median)
and ranged from 100 to 3000 Hz. The mean firing rate during a SLE was 7.8 + 5.2 Hz, which
was significantly higher than the overall mean firing rate of 0.7 £ 0.7 Hz (Figure 7.4C). SLEs were
observed in five out of six slices from three different patients. The mean duration of an increased
firing rate during SLEs was 51.4 seconds, with a standard deviation of 73.5 seconds (N = 88
SLEs). These events occurred repeatedly, with intervals averaging 144.2 + 170 s. The initial inter-
SLE periods were as long as 809 s, but decreased over time to as short as 6 s (see Figure 7.3).
The observation of SLEs commenced after an average of 33.7 + 13.7 min of perfusing the modified
aCSF across six slices. A summary of the observed features indicates that the change in activity
upon modified aCSF exhibited characteristics of epileptic activity that matched the temporal and
spectral characteristics described in earlier studies [182].

Utilizing the spatial arrangement of electrodes within the KiRi probe, a comparison was con-
ducted between the recorded data from surface and penetrating electrodes. This analysis re-
vealed the presence of ictal-like discharges that were detected by electrodes located inside the
neural slice, thereby enabling the identification of the onset of SLEs within shanks. Figure 7.4A
illustrates a representative recording and Figure 7.4B shows the change of firing rate of each elec-
trode during the complete recording, which reveals that SLEs occur at different time points in each
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Figure 7.4.: Seizure-like activity in human brain slice recorded with KiRis. A) Exemplary snapshot of a recording trace where
unsynchronized SLEs were observed in the electrodes of shank 1, 2, 4 indicated by the increase in spiking activity. B) 3D
map of firing rate upon treatment with modified aCSF. The electrodes of four shanks (dark blue, light blue, green, violet)
and the surface electrodes (grey) each capture SLEs at different time points (modified from [177]).

shank as revealed by the change of spiking activity. In Figure 7.4A, the onset of an SLE in shank
4 (pink column) occurred at approximately 160 um (centered on a 25 pm diameter recording elec-
trode) below the surface electrode. The spread of the SLE was observed to occur vertically over a
distance of approximately 60 um, based on the center-to-center distance between E4.1 and E4.3.
This provides further evidence of the ability of penetrating 3D kirigami MEAs to detect SLEs within
the tissue parenchyma that would otherwise be undetected by surface electrodes. Spike detection
and sorting of the bandpass-filtered data demonstrated the capacity to record the spiking activity
of various neurons, including MUA and SUA, with a maximum SNR of 200 (average of 6 * 3.2)
with average maximum spike amplitudes of 82.6 + 9.2 yV. Additionally, each penetrating shank
was capable of capturing up to two distinct units during an SLE, with additional units identified
outside of these events (see Figure 7.4A and Figure C.5 for further details).

Moreover, as demonstrated by analyzing the cross-correlation of the traces captured by the dif-
ferent electrodes, SLEs captured across individual shanks separated by 100 um and 300 pum in
the x and y axes, respectively, were observed to be independent (see Figure C.4A). In contrast,
cross-correlation of electrodes within the same shank, such as shank 4 (see Figure C.4B;), ex
hibited a high degree of correlation, whereas the cross-correlation with electrodes on neighboring
shanks was low. Similarly, the surface electrode SE2 was not significantly correlated with any
of the electrodes on the penetrating shanks, nor with the other surface electrode SE1 (see Fig-
ure C.4B;;). These findings indicate that the epileptic events captured were confined to individual
shanks rather than spreading across all cortical layers. This activity pattern was observed in all
the recorded slices, indicating the presence of independent local networks across shanks.
Therefore, the data obtained from the 3D kirigami MEAs substantiates the occurrence of distinc-
tive SLEs at varying time points within human brain slices. 3D recordings permitted the capture
of independent SLEs by neighboring shanks, thereby underscoring the complexity of such activity.
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These findings highlight the necessity of investigating neural behavior not only with 2D MEAs on
the brain surface but also through 3D sampling. It is notable that the slicing procedure has the
potential to damage cells at the surface of the slices. In comparison to planar MEA systems, the
penetrating KiRi probes offer a notable advantage due to their incorporation of both surface and
penetrating electrodes. This configuration permits the documentation of neural activity not only on
the surface of the tissue but also within the slice parenchyma and throughout the tissue volume.
The deployment of 3D kirigami MEAs in human brain slices facilitates a more comprehensive un-
derstanding of pathological activity patterns, enabling the localization of SLE onset, the tracking
of its spread through localized networks, and the observation of neural activity from other local
networks.
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7.2. In vivo cortical experiments

In addition to in vitro applications, 3D MEAs are promising tools for in vivo brain recording, espe-
cially in the cortex. The design and electrode density of both probes can be flexibly adapted to
the spatial layout of different brain regions, which allows for customized applications that require
observing the spread of neural activity across different cortical layers and brain areas. Such cross-
layer and cross-regional recordings could be of great value for various clinical applications. The
KiRi and PiRi implants were both implanted in the somatosensory cortex of mice, and stimulation
experiments were conducted on anesthetized animals. Additionally, KiRi probes were implanted
into the visual cortex of mice, and visual stimulation experiments were performed on awake ani-
mals.

7.2.1. Surgical approach and insertion of 3D implants into the cortex
Widefield imaging prior to the surgery

The objective of the in vivo experiments was to create 3D recordings by placing the electrodes
in multiple cortical layers and across brain regions. Accordingly, prior to the surgical procedure
and electrode implantation, wide-field imaging was conducted via the cleared intact skull. The
mice were transgenic animals that expressed the calcium indicator GCaMP6s in all excitatory
neurons, thus enabling the measurement of alterations in neural activity via alterations in fluores-
cence intensity during wide-field imaging [275]. This approach facilitated the identification of the
optimal implantation site prior to surgery. Thus, the mice were placed into a custom-built setup,
as detailed in section 3.4.2. The hind and forepaw were stimulated using the custom-built stim-
ulator. The spread of the stimulus was thereby visualized, and the areas for implantation in the
somatosensory cortex were selected.

Subsequently, the somatosensory hindlimb area exhibited the most robust average neural re-
sponse to brief mechanical stimuli applied to the left hindlimb in the presence of isoflurane anes-
thesia (N = 50 trials). To identify the precise location for probe placement, a high-resolution vessel
image (Figure 7.5A) was utilized. To obtain a 3D recording from multiple cortical regions in vivo,
the shanks of the probe were placed within the somatosensory hindlimb region, with the border
of the widefield response serving as a guide. In comparison to the averaged hindlimb stimula-
tion response (Figure 7.5B; ;;), the averaged forelimb stimulation response (Figure 7.5C; ;) was
observed to be overall weaker in the widefield imaging.

Surgery for acute recordings and tactile stimulation

During the surgical procedure the anesthetized mice were placed in a stereotactic frame with
their body temperature monitored and maintained at 37 °C using a heating pad. Anesthesia was
induced with 1-5% isoflurane (Figure 7.6A). Following an initial incision, the skin covering the skull
was carefully elevated and displaced laterally. In order to facilitate low-noise signal recordings, a
reference pin was positioned on the cerebellum. A head bar was then fixed on the mouse head
using dental cement (Figure 7.6B). Subsequently, a craniotomy of approximately 4 mm in diameter
was conducted on the left or right hemisphere. This was achieved by utilizing a biopsy punch to
delineate the precise location and an orthopedic drill (Eickemeyer, Germany) to create an opening
in the skull (Figure 7.6C). The skull was then removed with great care using tweezers, after which
the brain was exposed (Figure 7.6D,E). Following this, the exposed dura was treated and rinsed
with PBS. Subsequently, an initial incision was made at the edge of the craniotomy window. This
was followed by a dural incision, which was performed with a hooked needle in order to gain
access to the cortex.
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Figure 7.5.: Widefield imaging of the mouse cortex prior to KiRi implantation. To identify the optimal positioning of the shanks
across different brain regions, widefield imaging was employed to ascertain cortical responses to tactile stimulation. A
high-resolution vessel image was obtained to ascertain the probe location. Upon stimulation of the limbs, widefield images
were captured. The images in B; and B;; illustrate the stimulation of the hind paw, while those in C; and C;; illustrate the
stimulation of the fore paw (modified from [177]).
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Figure 7.6.: Surgical procedure for in vivo cortical applications with mice. (A) The mice were placed on a heating pad and
anesthetized via isoflurane. A reference pin was affixed to the cerebellum. B) A head bar was attached to the skull
prior to commencing the craniotomy. The location of the craniotomy was initially marked using a biopsy punch (C), then
meticulously drilled and the skull was removed using tweezers (D) to expose the brain (E). Subsequently, the 3D implants
were placed with precision using a micromanipulator, and an insertion rod was employed to insert the implants into the
neural tissue (F) (modified from [177]).

Insertion of 3D penetrating implants

The 3D probes were placed with precision on the desired position of the dried cortex using a 3-
axis micromanipulator (MTM-3, World Precision Instruments, Germany) (Figure 7.6F). A metal rod,
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fixed on a second micromanipulator (uMp4, Sensapex), was employed to facilitate penetration of
the tissue by the implant. The insertion into the cortex was conducted with incremental step sizes
of 100 - 250 um and a velocity of 200 - 4000 um/s. The insertion of 3D implants into the cortex
of mice was assessed via visual inspection, electrophysiological recordings of spiking activity and
tissue stainings.

Prior to and subsequent to the insertion of the KiRi and PiRi probes into the cortex of mice, a
visual inspection was conducted using an optical microscope (Figure 7.7). This served to provide
an initial assessment of the success of the implantation procedure. Therefore, particular attention
was paid to the positioning of the shanks and pillars. When the KiRi and PiRi probes were placed
on the surface of the exposed cortex, the shanks and pillars were clearly visible (Figure 7.7A).
Conversely, when they were inserted, neither the KiRi shanks nor the PiRi pillars were visible,
indicating that they had been successfully positioned within the neural tissue (Figure 7.7B).

After insertion

':

Figure 7.7.: Optical inspection prior to (A) and subsequent to (B) the insertion of KiRi and PiRi probes into the cortex of mice.
A) Following the removal of the dura mater, the KiRi (i) and PiRi (ii) probes were positioned on the surface of the cortex.
The shanks and pillars are clearly discernible on the exposed cortical surface. B) Using a micromanipulator, they were
precisely inserted into the cortex. At this point, neither the KiRi shanks (i) nor the PiRi pillars (i) are visible, as they have
been successfully positioned within the neural tissue.

Figure 7.8 provides an illustrative example of the recorded signals with respect to the time point
of insertion of a PiRi implant. To differentiate between the spiking activity of individual neurons and
the low-frequency LFP signals, the raw signal was filtered for high- and low-frequency bands (Fig-
ure 7.8A,_;;;). Immediately post-insertion, high-amplitude spiking activity reaching approximately
200 pV was observed. The firing rates and amplitudes of these spikes exhibited a high initial value,
which subsequently decreased. Concurrently, low-frequency activity remained largely unaltered.
This evidence indicates that the pillars were capable of traversing the cortex without causing any
substantial disruption to the neural tissue or the ongoing activity patterns. Furthermore, it suggests
that they can be employed to effectively record spiking activity from cortical neurons. Following
the retraction of the insertion rod, the 3D implants remained securely embedded within the tis-
sue while simultaneously capturing the spontaneous spiking activity of individual cortical neurons
from multiple electrodes (Figure 7.8B). Spike sorting revealed that each electrode recorded the
activity of multiple neurons simultaneously, including multi-unit recordings (Figure 7.8B;, orange
spikes, Figure 7.8B;;; pink spikes) as well as potential individual neurons (green spikes in Figure
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7.8Bi_isi).

Comparable observations were made during the insertion of a KiRi probe monitoring the intra-
operative recording of electrophysical signals of the brain, ensuring the precise positioning and
penetration of all shanks within the cortex. An illustration of the occurrence of spiking activity im-
mediately following insertion is provided in Figure 7.9, where two insertion steps of 100 um were
performed after the placement of the insertion rod. In addition, Figure C.6 shows an example
recording of eight shanks with four electrodes each during insertion. The insertion of a KiRi im-
plant into the cortex was accompanied by an increase in the amplitude of spiking activity after
the first seconds after insertions (Figure 7.9B, C.6B) or by a notable sudden increase in electrical
activity (Figure 7.9C, C.6C). In addition, the electrodes began to capture spikes when the insertion
rod was positioned on top of the shanks and slightly lowered. After a short resting period, during
which tissue relaxation occurred, activity returned to its baseline state as spiking activity was cap-
tured by the majority of the electrodes (Figure C.6D).

These observations demonstrate that after insertion, physiological spontaneous activity was cap-
tured, using PiRi as well as KiRi electrodes.
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Figure 7.8.: Insertion of a PiRi probe into the somatosensory cortex of a mouse. A) Recording example at the time of insertion,
showing the raw (i), as well as spiking activity in the high- (300 to 3000 Hz, ii) and LFPs in the low-frequency (up to 300
Hz, iii) range. The red line in (i), (ii) and (iii) indicates the time stamp of insertion where spiking activity was observed
immediately whereas the low-frequency activity was largely unperturbed. B) Example of simultaneous recordings from 3
electrodes (i), (ii) and (iii) with sorted waveforms from multi-unit and potential single-unit recordings (modified from [41]).
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Figure 7.9.: Spiking activity during the insertion of a KiRi implant into the cortex. Recordings from one example electrode, which
started capturing spikes when the insertion rod was placed on top of the shanks and slightly lowered. Two subsequent
insertion steps of 100 pm were performed which led to either an increase in spiking amplitude during the first seconds
after insertion (i) or a short bursting activity directly after the insertion (ii) (modified from [177]).
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Histological analysis with fluorescently labeled pillars and shanks once more demonstrated the
successful insertion of the implants into the cortex and their penetration to the superficial cortical
layers 2/3. For this, prior to insertion, PiRi pillars and KiRi shanks were coated with the fluorescent
dye DiD (DiD V22887, ThermoFisher, USA) dissolved in ethanol. Figures 7.10A,C show exam-
ples of a coated PiRi and KiRi probe, respectively. Following implant extraction, the brains of the
mice were vertically sliced and stained as described in 3.4.2. The images 7.10B and 7.10C depict
exemplary brain slices from an implanted mouse, displaying fluorescently labeled electrode tracts
within the somatosensory cortex. The blue channel demonstrates fluorescence resulting from
DAPI staining of all cell nuclei, which is utilized to visualize the diverse structural elements of the
brain. The red channel presents a false-color image of infrared fluorescence, which is a conse-
quence of coating the electrode pillars with the fluorescent dye DiD. For the PiRis, a magnification
of the region in which the electrode has been implanted reveals the presence of fluorescence from
two distinct electrode tracts, which is illustrated by dashed outlines (7.10B;;). In a similar man-
ner, the insertion site of KiRi shanks could be traced, as illustrated in Figure 7.10D;;. This finding
serves as a confirmation that the complete shanks, with a length of 500 um, had been successfully
inserted reaching layer 2/3 of the somatosensory cortex.

Figure 7.10.: Histology of brain slices post explantation of PiRi and KiRi electrodes. Prior to insertion, the PiRi pillars (A) and KiRi
shanks (C) were coated with the fluorescent dye DiD. DAPI staining of all cell nuclei was conducted, resulting in a blue
coloration. A false-color image of infrared fluorescence, produced by coating the electrode pillars with the fluorescent dye
DiD, is demonstrated using the red channel. B) The image illustrates an exemplary brain slice from an implanted mouse
following a PiRi implant extraction, exhibiting fluorescently labeled electrode tracts within the somatosensory cortex. A
magnification of the region of the brain in which the implant has been placed reveals the presence of fluorescence from
two electrode tracts (indicated by dashed outlines) (ii) (modified from [41]) D) Similarly, the implantation site of KiRi
shanks could be traced in the slices post explantation.
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7.2.2. Tactile stimulation and recordings from the somatosensory cortex

Following the implantation of both PiRi and KiRi, a series of tactile stimulation experiments were
conducted.

Whisker
stimulation

X

Foot-pinch

Figure 7.11.: Example recording from a PiRi electrode upon tactile stimulation. Band-pass filtered data upon a periodic whisker
stimulation every 5 s (A) and foot-pinch stimulation every 3 s (B) (modified from [41]).

Prior to the surgical procedure, no widefield imaging of the cortex of the mice was conducted for

the PiRis. Nevertheless, it was demonstrated that tactile stimulation led to an increase in spiking
activity recorded with the PiRi electrodes. Thus, in order to induce neural responses to sensory
stimulation, a periodic stimulation regimen was employed, comprising two mild air puffs delivered
to the facial whiskers at 5-second intervals (Figure 7.11A) and a similar regimen of foot-pinches
(Figure 7.11B). Figure 7.11 shows examples of the respective spiking activity acquired upon band-
pass filtering the data (100 - 3000 Hz). The sensory stimulation resulted in clear neural responses
in the pillar electrodes, in the form of bursting spikes that exhibited a correlation with the time
stamps of stimulation. This outcome serves to confirm that the array is indeed capable of captur-
ing functional responses from cortical neurons.
For the KiRis, the goal was to extract 3D neural activity maps in the cortex, a process enabled by
the implant’s multisite architecture. To accomplish this, both the low-frequency LFPs (below 100
Hz) and high-frequency spiking activity (100 to 3000 Hz) underwent independent analysis (Figure
7.12, and Figure C.8). Upon hind paw stimulation, neural responses to tactile stimulation were vis-
ible in the LFPs (Figure 7.12A), exhibiting notable variations across the cortical locations of each
shank. For each electrode, the mean LFP response to tactile stimulation was calculated. Figure
7.12A; depicts the averaged peak-to-peak values, while Figure 7.12A;; illustrates the averaged
LFP during the initial second of stimulation for each electrode. It is apparent that certain elec-
trodes exhibit a distinct peak at the onset of stimulation. In the electrodes of Sh2 and E1.2 on Sh1,
the peak is negative, whereas in the remaining electrodes, it is positive. The peak-to-peak ampli-
tudes of the aforementioned peaks, representing the neural response to tactile stimulation, were
markedly stronger in the two shanks (Sh1 and Sh2) within the hindlimb region of the somatosen-
sory cortex than in the more lateral shanks (Sh3 and Sh4) placed outside the hindlimb region.
These results are in accordance with those obtained through widefield imaging (see Figure 7.5A).
The electrodes in Sh2 demonstrated the most robust electrophysiological response, which corrob-
orates the findings of the widefield imaging, which identified this region as the most responsive.
The strongest response was observed in electrode E2.2, which is situated at a depth of 300 um,
exhibiting an average potential of 28 uV. In comparison, electrode E4.1 on the neighboring shank
Sh4 only yielded an average potential of 5.6 uV. Furthermore, the analysis of the cross-correlation
between the electrodes indicated the presence of robust interactions across electrodes within the
same cortical depth and region. This finding is demonstrated by the elevated correlation observed
between Sh1 and Sh2 within the hindlimb region, as well as between Sh3 and Sh4 outside the
hindlimb region (Figure 7.12A;;; and Figure C.7).
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Figure 7.12.: Recording from S1 using KiRis during tactile stimulation of the hand limb. A) Averaged LFPs during the initial
second of tactile stimulation demonstrate the spatial activity distribution contingent on the depth (z) and x-y electrode
location (ii). The peak-to-peak potentials were derived from the averaged LFPs over 50 trials (i). The heatmaps of
(iii) show the maximal cross-correlation of E2.2 and E4.1 with all other electrodes. B) The firing activity demonstrates
a corresponding increase in response to the stimulation (brown bars). Therefore, the mean changes (firing rate ratio
during versus before stimulation) in spiking activity are also dependent on the position of the electrodes (i). Figure B;;
depicts an example of band-pass filtered data from electrode E2.2, which demonstrates a strong correlation between
spiking activity and stimulation (brown bars). Figure B;;; illustrates the computed firing rate traces derived from the
band-pass filtered data for all electrodes during the tactile stimulation (brown bars). The grey lines indicate electrodes
that are not functional (modified from [177]).
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The analysis of the band-pass filtered signals (100 to 3000 Hz) to isolate neural spiking activity
yielded comparable results with respect to the distribution of electrophysiological activity. During
the stimulation period, an increase in firing rates was observed in electrodes in proximity to neu-
ronal units that exhibited the greatest response to tactile stimulation. Figure 7.12B; illustrates an
example of the band-pass filtered signal in E1.2. To analyze the spread of activity, the firing rate
traces (Figure 7.12B;;) and the firing rate ratio (amount of spikes during versus before the stimulus,
Figure 7.12B;;;) were calculated. This revealed a high firing rate ratio for Sh1 and Sh2, whereas
less change in firing rates was observed in Sh3 and Sh4. It is evident that in Sh2 and E1.2 of
Sh1, the peaks of the firing rate traces are correlated with the stimulation onset (Figure 7.12B;;;).
Notably, the electrodes E1.2, E2.2, and E2.1 exhibited a pronounced stimulus-induced alteration
in firing rates, reaching a firing ratio of up to 2.5. In contrast, the firing rate ratio in Sh3 and Sh4
was 1.0 and 1.3, respectively, indicating that the stimulation had no or only a minimal effect (aver-
aged with all electrodes on the respective shank). This finding is, similarly to the LFPs, consistent
with the results of the widefield imaging. In general, spiking activity is more readily discernible in
deeper cortical layers, as cortical layer 1 at the surface of the cortex is predominantly composed
of axons. Consequently, while high-amplitude LFPs were captured with all four electrodes of Sh1,
high spiking activity was predominantly captured with deeper implanted electrodes, such as E1.2,
E2.2, and E2.1.

With respect to the stimulation of the forelimb, the implantation region exhibits diminished re-
sponse amplitudes in comparison to the hind paw stimulation during widefield imaging (see Figure
7.5). Nevertheless, a distinction can be made between Sh1 and Sh2, which are situated in the
region that exhibits greater responsiveness, and Sh3 and Sh4, which are located in the region that
demonstrates lesser responsiveness. This phenomenon is similarly evident in the electrophysio-
logical data (Figure C.8). The highest peak-to-peak amplitudes of LFPs were observed in E2.2,
with a value of 12.4 uV, and in E1.2, with 12.5 pV. In contrast, the lowest values were observed
in E4.1 and E3.1, with a value of 2.9 uV for each. In comparison to the hind limb stimulation, the
peak-to-peak amplitudes were lower, and this time no clear peak was observed at the beginning of
the stimulation (Figure C.8A). Similarly, the highest level of spiking activity was observed in Sh1,
with E1.2 exhibiting a firing ratio of 2.5. However, the neural activity exhibited lower amplitudes
and less correlation with the stimulation period in comparison to the hind paw stimulation. This
phenomenon can be observed in the recording of E2.2 upon fore paw stimulation (Figure C.8B) in

neural activity was markedly less pronounced when stimulation is applied to the hind paw. This is
evidenced by the electrophysiological data, LFP recordings, and spiking activity, as well as by the
widefield imaging. Nevertheless, this provides further evidence of the consistency between the
electrophysiological recordings acquired using the KiRi electrodes and the neural activity obtained
via widefield imaging.

The findings of this experiment illustrate the capacity of the multisite kirigami electrodes to con-
struct a 3D map of the underlying neural tissue, thereby facilitating a more comprehensive exami-
nation of the spatial dependency of signal distribution in the somatosensory cortex. Furthermore,
the results evidenced the electrodes’ capability to withstand implantation in vivo, where they are
subjected to insertion forces and micromotions resulting from the animal’s respiration and cardiac
activity.

7.2.3. Visual stimulations in awake mice and recordings from the visual cortex
To further illustrate the utility of recording from cortical regions using 3D probes, KiRi implants
were implanted into V1 in a chronic preparation with awake mice. This involved recordings made

in awake mice upon recovery on the day of implantation and histological analysis one-month post-
implantation. The objective was to record neural responses to diverse visual stimuli across varying
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depths and cortical regions to elucidate the characteristics of sensory neural responses in the
awake brain. In addition, the FBR was analyzed after one-month implantation.

Surgical extension for chronic implantation

Following the surgical method illustrated in Figure 7.6 and the insertion of a KiRi implant, a glass
window was affixed to the implant (Figure 7.13A) using gentle pressure and the assistance of the
insertion rod. Subsequently, the implant was secured with dental cement to the skull and PCB
(Figure 7.13B;). This allowed for stabilization of the implant in the cortex while its position could
be monitored through the glass window (Figure 7.13B;;). For this chronic application, the front-
end connector of the implant was customized for a total form factor of 21 x 11.5 x 7.5 mm and a
weight of 1.6 g, ensuring a small and lightweight design that could be carried by the mouse (Figure
7.13C).

Figure 7.13.: Extension of the surgical procedure for chronic in vivo applications. A) A glass window was affixed to the 3D
implant with the assistance of the insertion rod. B) Dental cement was applied to the skull and PCB to facilitate a stable
fixation of the front-end connector (i), while the glass window enables optical monitoring of the implant (ii). C) The
front-end connector was sufficiently lightweight and compact to be carried by awake mice (modified from [177]).

Visual stimulation with awake mice

To ascertain the location of the visual cortical areas prior to implantation, wide-field imaging was
employed once more for retinotopic mapping and the identification of the primary cortex and sev-
eral higher visual areas (Figure 7.14B, blue and red regions). To this end, mice were placed in
an experimental setup (Figure 7.14A) comprising a running wheel and a monitor displaying vi-
sual stimuli that covered the visual field of the right eye, contralateral to the implanted cortical
hemisphere. The neural responses to visual stimulation observed through widefield imaging were
found to align with the expected location of visual areas (white outlines in 7.14B). Consequently,
the KiRiCor probes (Figure 7.14C) were inserted in accordance with the procedure detailed in the
preceding section, to encompass V1 and multiple higher visual areas.

Subsequently, the response of distinct cortical areas and layers to two forms of visual stimula-
tion was examined: a basic moving grating and a complex texture (Figure 7.14A;; and 7.14A;;,
respectively). By examining the LFP responses in two adjacent shanks (Sh1 and Sh2), it became
evident that there were notable discrepancies in the mean stimulus responses across the elec-
trodes at distinct depth and locations (Figure 7.14D). Electrodes E1.1 and E2.1, situated in the
deeper cortical layers 2/3, demonstrated a more pronounced visual response than the superficial
electrodes E.13 and E2.4 in layer 1. This discrepancy in the response was especially evident in
V1 (shank Sh2), whereas in the more medial anterior cortex (area AM, shank Sh1), the responses
were more uniform across different depths. This observation was subsequently validated by the
presence of spike responses alongside the LFPs, exhibiting an average SNR of 4.9 + 0.5. In
instances where the responses were more pronounced, the SNR could reach up to 17, as evi-
denced by the electrodes positioned in deeper layers (see Figure C.9). Furthermore, while both
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Figure 7.14.: Widefield imaging and recordings of electrophysiological activity in V1 upon visual stimulation. A) The awake
mice were placed inside the setup (i) and exposed to simple grading (ii) and complex texture (iii) stimuli. B) Widefield
imaging was used to determine the active cortical areas upon visual stimulation. Visually evoked fluorescence changes
were measured. After inserting the KiRi shanks (C), visually evoked averaged LFP responses were measured in shank
1 and 2 (D) (modified from [177]).

gratings and texture stimuli evoked robust neural responses in V1 (Sh2), visual responses in Sh1
were comparatively weaker and more selective for gratings over texture stimuli, particularly in the
superficial electrode E1.3 (red versus blue traces in 7.14D). A noteworthy finding was a shift in
the response latency to visual stimuli in area V1 (Sh2) in the presence of textures, which exhibited
a longer delay than gratings. This is likely attributed to the increased complexity of the texture
stimulus, necessitating more extensive neural processing within the visual system [276].

In conclusion, these findings reveal significant disparities in the neurophysiological processing of
complex visual stimuli across cortical depth and regional brain areas. This evidence substantiates
the utility of KiRi probes for chronic electrophysiological recordings in the awake, non-anesthetized
brain. Despite the attempts to reduce the weight of the front-end connector, the interface between
the flexible array and the printed circuit board of the front-end failed one day after implantation,
which hindered the realization of long-term chronic recordings. However, awake recordings could
be conducted following the recovery of the subjects on the day of implantation, and additional
insights of FBRs were investigated through histological examination of the tissue one-month post-
implantation.

7.2.4. Post-explantation study

Four weeks following implantation, the KiRiCor probes were explanted, after which immunohisto-
chemical analysis was conducted on the implanted brain tissue (Figures 7.15 and 7.16) and an

Page 154 of 215



3D neural implants for in vivo applications

optical inspection was performed on the explanted electrodes (Figure 5.7C).

Horizontal sections of the cortex with a thickness of 20 um were stained for mature neurons (NeuN,
red), cell nuclei (DAPI, blue), astrocytes (GFAP, gray), and microglia (Iba-1, green). Figure 7.10
shows a brain slice where the insertion holes of each of the eight shanks are clearly discernible
from the surrounding tissue. The implantation footprint of the shanks was discernible as small
lesions (dark holes), which are referred to as small ROls. Furthermore, the slices demonstrated
FBR in tissue regions in close proximity to the aforementioned small ROls (Figure 7.16A, indicated
by white circles). The FBR was evident as alterations in the surrounding tissue (large ROI, with
small lesions (small ROIs) typically situated at the midpoint and on occasion off-center within the
affected regions (Figure 7.16A, indicated by gray circles). The footprint of the insertion, which
encompassed multiple instances of individual shanks, could be tracked at depths reaching up to
260 micrometers. The mean area of the small ROls, which was 478 + 380 um? (N = 24), is con-
sistent with the dimensions of the shanks. The mean size of the affected regions (large ROls)
exhibiting an FBR was found to be 7467 + 373 um? (N = 56 large ROls across 11 slices), which is
approximately 15 times larger than the cross-sectional area of the shanks (500 um?). The relative
size of the affected region was consistent with the range of observed FBR in studies employing
flexible single-shank polymer devices (large ROIs approximately 7 - 39 times the cross-section of
the shank [109]). However, in these investigations, stiff shuttles were employed to facilitate im-
plantation, resulting in larger footprints (small ROIs approximately 2 to 8 times the cross-section
of the shank [99][109]) in comparison to the findings here.

1000 pm 200 um

Figure 7.15.: Stained brain slice after four-week implantation with a KiRiCor probe. A) Overview of the complete brain slice. B)
Zoom-in on the insertion area showing the eight areas affected by the insertion of each of the eight shanks of the KRiCor
probe (modified from [177]).

A comprehensive examination of the larger ROIs across various depth levels revealed a ten-
dency for the implantation footprint to increase at the boundary between layers 1 and 2/3 (see
7.16B,C). Within layers 2/3, FBRs exhibited a decrease in intensity until they were no longer dis-
cernible from the surrounding tissue at Z13 (260 um, Figure 7.16B;). In contrast, the small lesions
were only present until position Z10, which corresponds to an insertion depth of approximately
200 pum (Figure 7.16B;;). This can be attributed to the fact that the shanks exhibit a diminished
cross-sectional area towards the tip, which results in a smaller footprint in the deeper layers.

A reduction in the number of astrocytes in the vicinity of the insertion site (small ROIs) was ob-
served in the deep cortical layers and in the larger ROls, as evidenced by the relative fluorescence
intensity (Figure 7.16C), in a manner consistent with the findings of previous studies [153]. In
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contrast, no nuclei or neurons were observed in proximity to the implantation site (Figure 7.16C).
Similar observations have been documented in other studies [211]. The expression of the GCaMP
indicator in excitatory neurons of the genetically modified mice, which also appear green, inter-
fered with the ability to reliably analyze Iba-1 staining.

It is important to note, however, that the slicing process may not have been perfectly perpendicular
to the insertion direction. Achieving perfect alignment during the insertion process is a challenging
procedure. lt is, therefore, possible that the total insertion depth may have been underestimated
and that the size of the ROIs may have been overestimated when the slices were not cut perpen-
dicular to the shank length. Furthermore, the pulling during implant retrieval caused irregularly
shaped insertion holes, which resulted in considerable variability in the measured footprint areas
(both large and small ROIs). Consequently, it is likely that the assessment of FBRs is overesti-
mated due to both the retraction of the implants and the slicing process.

Nevertheless, upon retrieval of the implant, the shanks of the probe were observed to remain
accurately folded (see Figure 5.7B). Additionally, SEM inspection of the electrodes revealed no
evidence of delamination, with the exception of the expected minor adsorption of biological matter
(Figure 5.7C). While this might indicate the long-term stability of the kirigami folding and electrodes
of the shanks, electrode failure cannot be completely ruled out due to the failed packaging and
therefore missing impedance measurements throughout the implantation period. Nevertheless,
the collective findings of these experiments illustrate the capacity of 3D kirigami probes to obtain
recordings from various depths and brain regions within living neural tissue, thereby facilitating a
comprehensive examination of neural response patterns. Furthermore, although stable packag-
ing is required for further tests, the results substantiate the resilience of kirigami implants to acute
and chronic implantation in vivo, while the accumulation of astrocytes as an indicator of FBR was
minimal, particularly in the deeper layers of the cortex.
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Figure 7.16.: Analysis of the histology after four-week implantation. A) illustrates the tracking of a single hole through varying
depths, with the ROIs (white) and small ROIs (gray) marked with dashed circles. The implantation lesions (small ROIl) are
observed to align with the dimensions of the shanks (gray circle surrounding the 50 pm wide hole) and the implantation
locations of the shanks. B) The dimensions of the large (i) and small (ii) regions of interest (ROls) at each cortical depth.
C) An examination of the relative fluorescence intensity of each channel for the large (i) and small (ii) ROIs (modified

from [177]).
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7.3. Summary and outlook

This chapter presents the manner in which the 3D KiRi and PiRi MEAs facilitate the capture of
spatial dependencies in electrophysiological activity patterns in both in vitro and in vivo cortical
applications. Further investigation is required to elucidate the complex mechanisms underlying
cortical function, particularly in the context of degenerative or pathological processes such as
epilepsy. Such knowledge is vital for the development of more efficacious diagnostic tools and
treatments. It is, therefore, evident that a 3D MEA with the capability of high spatial and temporal
resolution is an extremely beneficial tool for the efficient mapping of electrophysiological activity
throughout the 3D neural space. However, the most sophisticated 3D neural implants are either
merely recording devices that capture data from specific x—y planes at designated z-depths within
the neural tissue, as observed in Utah arrays [24], or they are y—z neural threads that must be
implanted in succession to create a comprehensive 3D mapping of the cortex [31][32]. In contrast,
both 3D devices of this study, the KiRis and PiRis, were implanted in a single step without the use
of an insertion shuttle. This approach has the advantage of shortening the overall implantation
and surgical periods while facilitating post-implantation monitoring of the implantation sites.

The use of KiRis with penetrating and surface electrodes was successfully demonstrated in hu-
man brain slices in vitro, including electrophysiological recordings while inducing SLEs by modi-
fied aCSF. This approach was employed to examine the spatial origin and spread of these events
throughout the tissue. The SLEs recorded in this study exhibited characteristics similar to those
observed in previous studies. Additionally, the 3D sampling demonstrated that SLEs occurred in
discrete local networks across cortical layers. To illustrate the efficacy of the 3D MEAs for vol-
umetric neural recordings in vivo, they were utilized in the somatosensory and visual cortex of
mice. These sites were selected due to their crucial involvement in sensory restoration processes,
such as those related to touch or vision. The objective was to demonstrate how spatial-dependent
activity can be captured upon tactile and visual stimulation, thereby exposing possible stimulation
target sites for sensory restoration. In the somatosensory cortex, 3D electrophysiological activ-
ity was successfully recorded, as evidenced by the spatial-dependent LFP amplitudes and firing
rates of individual neurons in response to hind limb stimulation. For the KiRis, the differences
in activity between neighboring shanks also accurately reflected their respective position in so-
matosensory subregions. Furthermore, clear differences were observed across cortical layers in
individual shanks.

Similarly, recordings in the visual cortex of awake mice demonstrated a distinct spatial dependency
upon different cortical layers using the KiRi implants. Moreover, the responses demonstrated vari-
ability across visual areas in accordance with the complexity of the stimulus. Following a four-week
period of implantation, a comprehensive examination was conducted on the electrodes and the im-
plantation site. Immunohistochemical analysis of the tissue demonstrated that the cross-sectional
footprint was consistent with the dimensions of the kirigami shanks. It is noteworthy that an accu-
mulation of astrocytes was observed exclusively in layer 1, in close proximity to the cortical surface
and the insertion site. This indicates that the insertion impact was minimal, likely due to the flexible
and biocompatible characteristics of the kirigami implant. However, during the initial chronic trials,
a considerable number of broken electrodes were observed during the surgical procedure, which
was most likely due to an unstable connection with the PCB. Therefore, a smaller connector should
be utilized, which necessitates less sealing and could potentially reduce the likelihood of broken
connections. However, a thorough optical inspection of the folded kirigami shanks revealed no
evidence of unfolding or delamination of the electrode material, thus substantiating the hypothesis
that the flexible 3D microelectrode array structure maintains long-term stability.

Thus, further experimentation is necessary to draw statistically significant conclusions regarding
the long-term stability of 3D implants for long-term electrophysiological recordings in the cortex.
Similarly, further investigation of FBR over time is necessary, considering both KiRi and PiRi elec-
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trodes. A study should be conducted to compare the insertion and implantation impact of both 3D
approaches using optimized histological methods. In this scenario, it would be advantageous to
closely monitor the interaction between the shank/pillars and neural tissue. Rather than extracting
the implant, it would be more beneficial to slice the brain along with the implant. This approach
would facilitate the analysis of the probe-tissue interface in terms of FBR, such as the accumula-
tion of astrocytes and neural death in the vicinity of the implants. The next step could be to implant
longer shanks or pillars to reach deeper cortical layers and increase our knowledge of cell behav-
ior across the cortical dimensions. However, the fabrication of such devices is more complex, and
their insertion is challenging, as previously discussed in section 5.4.

Nonetheless, the experiments demonstrated the capacity of the 3D electrodes to accurately record
electrophysiological activity. This capability is evidenced by the discernibility of dependencies be-
tween depths and locations in these preliminary trials.
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8. Conclusion

This work presents two novel approaches for the rapid and reliable fabrication of 3D penetrat-
ing neural implants. In the initial approach, the PiRis, 2PP was utilized to print hollow pillars
onto flexible MEAs. These pillars served as templates to direct the electrochemical deposition of
conductive materials, including Au and PEDOT:PSS, facilitating the growth of 2D electrodes into
the third dimension. The innovation of this process, when compared to other approaches previ-
ously documented in the literature [117][151], lies in the concept of utilizing hollow pillars instead
of solid pillars. Therefore, the hollow pillars produced in a single photolithography step serve two
purposes: to direct the electrochemical deposition and to passivate the conductive materials. Con-
sequently, the number of fabrication steps required to modify a planar MEA substrate into a 3D
MEA is reduced, as only two post-processing steps are necessary to create a conductive pillar:
the printing of a hollow pillar, which serves as a template for the subsequent electrodeposition of
the conductive material.

The second approach is that of scalable kirigami implants. The simultaneous folding of up to 128
shanks was achieved through the use of matched-die forming, resulting in the creation of a flexible
3D MEA with both penetrating and surface electrodes. The dimensions and electrode counts of
the kirigami MEAs - with a maximum shank length of 1000 pm and a minimal inter-shank spacing
of 50 um - exceed those of existing approaches for flexible 3D neural implants. Although the fab-
rication process remains manual, implants can be produced rapidly and reliably with a high yield.
The KiRi folding technique employs a matched die compression process, rendering it suitable for
serial manufacturing.

A multitude of design configurations were examined for potential utilization in a spectrum of neural
tissue applications ranging from in vitro retina and human brain slices to in vivo cortical applica-
tions in mice. Due to the intricate nature of neural networks, particularly in diseased models, 3D
recording platforms are of vital importance for the capture of electrophysiological activity patterns
across layers and regions of the brain. With the overarching objective of advancing our under-
standing of, and ultimately treating, neurological disorders such as epilepsy and loss of sensory
functions, the versatile 3D MEAs presented in this work provide a valuable tool for future research.
Nevertheless, the applications have thus far been confined to electrophysiological recordings un-
der diverse forms of stimulation, including optical and pharmaceutical stimulation of explanted WT
and RCS retinas, as well as pharmaceutical stimulation in explanted human brain slices, and vi-
sual and tactile stimulation during in vivo implantation in the cortex. The bidirectional stimulation
strategy, which employs electrical stimulation to stimulate the remaining diseased network with the
objective of restoring vision by providing artificial sensing, has yet to be explored in the context
of degenerated retina using 3D implants. However the performance of both the KiRi and PiRi im-
plants, as well as their in vitro and cadaveric validation, has been completed, thus rendering the
implants ready for initial trials utilizing electrical stimulation of the retina.

Nevertheless, further improvements should be considered to advance the performance of the KiRi
and PiRi neural probes and overcome the on-going challenges as summarized in Figure 8.1:

e Long-term stability and FBR upon chronic implantation Alternative substrates, such as
Pl, should be investigated, as well as alternative electrode material for KiRi electrodes, such
as spin-coated PEDOT:PSS to improve the long-term stability. The use of only transparent
and flexible polymeric materials provides additional benefits. The long-term stability inves-
tigation of PiRi electrodes is pending. During chronic implantations, the FBR should be
thoroughly investigated in the retina and cortex.
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o Fabrication and insertion of longer shanks/pillars In addition to the fabrication chal-
lenges, the insertion process may necessitate the utilization of a stiff shuttle device or a
resolvable brace.

e High-density implants In order to effectively restore sensory functions and map complex
neural activity in the brain, it is imperative to utilize thousands of channels. Microfabrication
of high-density implants poses significant challenges, and connecting all channels using a
small, portable, wireless connector is equally demanding. Furthermore, processing a large
volume of data in a limited time frame and storage capacity represents an additional chal-
lenge.

PiRi and KiRi 3D neural implants
« Fast and realiable fabrication

< Costumizability
.

% Low insertion footprint
% Large range of applications < Long-term stability ¢+ High density arrays

High performance 3D
penetrating neural
implant

<+ Transparent 3D neural implants ¢ Insertion of multiple long shanks

Figure 8.1.: Outlook. The fabrication process of the customizable KiRi and PiRi implants is both rapid and reliable. Both types
of neural probes possess a low insertion footprint and are suitable for a broad range of applications. However, further
research is necessary to assess their long-term stability and FBR upon implantation during chronic trials. Investigations
should be made on how to build a fully transparent, wireless and high-density probe. Another ongoing challenge is the
development and insertion of long shanks/pillars.

Finally, as in this work a comparison of PiRi and KiRi electrodes was conducted, it is essential
to offer a concluding remark. Both electrodes possess a rapid, reliable, and customizable fabri-
cation process; however, scalability is only possible for KiRis. Their electrochemical performance,
including impedance, CSC and CIC, is comparable and competitive with state-of-the-art technol-
ogy. Furthermore, the mechanical properties, such as bending stiffness, exceed those of all other
known 3D devices. Both devices demonstrated the capacity to capture electrophysiological activ-
ity, ranging from spiking activity to LFPs, during in vitro and in vivo trials utilizing diverse neural
tissue types. However, a higher insertion success rate with KiRis was revealed during in vitro
trials. With regard to the insertion footprint, the absolute footprint in terms of dead cell count and
ITA did not demonstrate significant differences between the probes. However, when the number of
electrodes inserted was taken into consideration, the KiRis probe exhibited a lower value. A com-
prehensive evaluation of the long-term stability and FBR upon implantation of both approaches is
necessary to determine the optimal method for chronic use.

The selection of the 3D approach is contingent upon the underlying application. In cases neces-
sitating multisite design, KiRis stand out as a superior option. The principle of employing more
electrodes on a shank using a high-density approach is applicable to KiRis without increasing the
cross-section of the shank. In contrast, the multisite design of PiRis is constrained and invariably
scales with the cross-section. Conversely, for model structures of minimal size and fragility, such
as organoids, PiRis emerges as the optimal solution. The utilization of thin pillars in organoids is
less prone to compromising the integrity of the delicate cell structure when compared to the use
of KiRis. Additionally, the versatility of substrates for PiRis is a notable advantage. The implemen-
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tation of long-term recording systems for organoids might be facilitated by employing PiRis on stiff
MEAs, wherein organoids are positioned on top and can grow around the pillars.

In conclusion, both devices, KiRis and PiRis are highly effective tools capable of facilitating large-
scale electrical sampling in complex neural tissues. The efficacy of these devices in promoting
tissue integration, thereby facilitating advanced analysis of neural disorders and disease models,
has been demonstrated. In scenarios where high spatial resolution is of paramount importance,
these devices offer a valuable solution.
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A. Appendix: Fabrication of 2D and 3D implants

A.1. Detailed microfabrication process parameters for 2D flexible

BiMEA probes

A.1.1. Parylene-C substrate deposition

e Machine: PDS 2010 LABCOATER 2

e Process parameter: PLA1 15, SP 25, PhA1 160, rest: default, no micro-90, no silane

e 6 g dimer for a thickness of 3 um

A.1.2. Metallization

1.

N O

Surface activation: Machine TePl Gigabatch 360, O plasma, flow 80 sccm, power 50 W,
time 2 min, use of Faraday cage

. Surface preparation: Dehydration at 150 °C for 5 min. Let the wafer cool down to room

temperature

. Spin-coating: 5 ml of LOR3B at 3000 rpm 500 rpm/s for 30 s

. Soft-bake: 150°C, 5 min on hot plate

. Spin-coating: 4 ml of AZnLOF2020 at 3000 rpm, 500 rpm/s, 30 s
. Soft-bake: 110 °C, 1 min on hot plate

. Exposure: Siiss MA8/BA8 (MA4), dose 40 mJ/cm?, soft contact

8. Post-exposure bake: 110°C, 2 min on hot plate

10.

11.

12.

. Development: stir on wafer holder in AZ MIF326 for ~ 35 s, then rinse in water cascade,

spin-dry

Metal layer deposition: Machine Balzer PLS 570 (e-beam assisted evaporation), Ar sput-
tering, recipe 3 (100 V, 7 A, 1 min), Ti/Au/Ti layer, thickness 20/100/10 nm, deposition rate
0.1/0.5/0.1 nm/s

Lift-off: Immerse wafer in acetone for 2-3 h, remove metal residues with a pipette, rinse with
fresh acetone if necessary, rinse in isopropanol

LOR3B removal: In AZ 326 MIF for 5 min, then water cascade, spin-dry

A.1.3. Passivation layer

Deposition of a second PaC layer which serves as passivation. Typically with a thickness of 3 pm,
deposited as described before.
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A.1.4. Shape and openings

First the etch mask was structured, then RIE was performed in two consecutive steps: PaC etch
(Table A.1) followed by Ti etch at the electrode sites (Table A.2).
Etch mask:

1

0o N o o b~ W

10.
11.

. Surface activation: Machine TePI Gigabatch 360, O, plasma, flow 80 sccm, power 50 W,

time 2 min, use of Faraday cage

. Surface preparation: Dehydration at 150 °C for 5 min. Let the wafer cool down to room

temperature

. Spin-coating: ~ 5 ml of AZ10XT at 2400 rpm, 200 rpm/s, spin-time 60 s
. Soft-bake: 110 °C, 1:20 min on hot plate

. Spin-coating: ~ 5 ml of AZ10XT at 2100 rpm, 200 rpm/s, spin-time 60 s
. Soft-bake: 110 °C, 2:40 min on hot plate

. Exposure: Siiss MA8/BA8 (MA4), dose 1900 mdJ/cm?, soft contact

. Development: Stir on wafer holder in AZ400K for 6 to 7 min, then rinse in water cascade,

spin-dry

. PaC etch: Use of RIE recipe in Table A.1 for 6 min and subsequently in one-minute intervals

after wafer inspection
Ti etch: Use of RIE recipe in Table A.2 for 1:15 min

Resist stripping: In two bath of AZ100 remover for 10 min each, using ultrasound power of 5
in the first step, then rinse 3x for 2 min in IPA

Machine Oxford PL 100/ ICP (RIE-7)

Helium stable

Strike Pressure 0.020

Gases

02 (scem) 36
CF4 (sccm) 4

He backing pressure (mbar) 8
He backing flow (sccm) 20

O2/CF isotropic

RF power (W) 50
ICP Power (W) 500

Gases

02 (sccm) 36
CF4 (sccm) 4

Cryo Temp (°C) 10
APC pressure (mbar) 0.007
Strike pressure 0.03
He backing pressure (mbar) 8

He backing flow (sccm) 20
DC Bias minimum (V) 2
Etch rate | PaC (nm/min) 800

Table A.1.: RIE recipe for PaC etch
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Machine Oxford PL 100/ ICP (RIE-7)
RF power (W) 150
ICP Power (W) -
02 (sccm) 20
Gases Ar (sccm) 20
Cryo Temp (°C) 10
Strike pressure 0.04
He backing pressure (mbar) 10
He backing flow (sccm) 20
Etch rate | Ti (nm/min) 6.6-10

Table A.2.: RIE recipe for Ti etch

A.2. Detailed microfabrication process parameters for 2D MEAs for

PiRis and KiRis

The following runsheet described the process parameters of the fabrication of the 2D MEAs for
PiRi and KiRi implants in detail.

A.2.1. Parylene-C substrate deposition

e Machine: PDS 2010 LABCOATER 2

e Process parameter: PLA1 15, SP 25, PhA1 160, rest: default, no micro-90, no silane

e 10 g dimer for a thickness of 5 pm

A.2.2. Metallization

1.

(o2 B A\

Surface preparation: Dehydration at 150 °C for 5 min. Let the wafer cool down to room
temperature

. Spin-coating: 3.5 ml of LNROO3 at 4000 rpm, 500 rpm/s, 45 s

. Soft-bake: 120 °C, 2 min on hot plate

. Exposure: Machine MLA150, dose 320 mJ/cm?, defoc 2, CDB 800
. Post-exposure bake: 100°C, 1:30 min on hot plate

. Development: stir on wafer holder in AZ MIF326 for 1:30 min, then rinse in water cascade,

spin-dry

. Metal layer deposition: Machine Balzer PLS 570 (e-beam assisted evaporation), no Ar sput-

tering, W-liner, Ti/Au/Ti layer, thickness 20/100/10 nm, deposition rate 0.1/0.5/0.1 nm/s

. Lift-off: Immerse wafer in acetone for 2-3 h, remove metal residues with a pipette, rinse with

fresh acetone if necessary, rinse in isopropanol

A.2.3. Passivation layer

Deposition of a second PaC layer which serves as passivation. Typically with a thickness of 5 pm,
deposited as described before.
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A.2.4. Shape and openings

First the etch mask was structured, then RIE was performed in two consecutive steps.
Etch mask:

1. Surface preparation: Dehydration at 150 °C for 5 min. Let the wafer cool down to room

temperature

2. Spin-coating: 5 ml of AZ12XT at 1000 rpm, 200 rpm/s, spin-time 180 s

3. Soft-bake: 110 °C, 4 min on hot plate

4. Exposure: Machine MLA150, dose 350 mJ/cm?, defoc 2, CDB -800

5. Post-exposure bake: 90°C, 1 min on hot plate

6. Development: Stir on wafer holder in AZ MIF326 for 2 min, then rinse in water cascade,
spin-dry

7. PaC etch: Use of RIE recipe in Table A.1 for 12 min and subsequently in one-minute intervals
after wafer inspection

8. Ti etch: Use of RIE recipe in Table A.2 for 1:15 min

9. Resist stripping: In two bath of AZ100 remover for 10 min each, using ultrsound power of 5
in the first step, then rinse 3x for 2 min in IPA

A.3. Implant designs

For the initial aging tests 2D cortical probes comprising a single shank with 16 electrodes was
used. The design is shown in Figure A.1. For retinal applications, initial tests were performed using
2D BIiMEA probes (Figure A.2). These were also used for the characterization of the electrical
properties of the retina as described in section 6.1.1. In order to meet the requirements of different
applications with kirigami implants, several KiRiRet and KiRiCor designs were employed. The
flexible cable length was adjusted depending on the currently used setup; for example a length
of 1.5 or 2 cm was used in the in vitro setup, or 1 cm for in vivo trials with the KiRiCor implant.
The KiRiRet implant was designed with either 32 x 225 um long shanks with a spacing of 100
(Figure A.3A;) or 50 um (Figure A.3A;;) or with 128 shanks with 100 um inter-shanks distance
(Figure A.3A;;). For the KiRiCor implant, variations with four (Figure A.3B;), eight (Figure A.3B;;)
or ten 500 um long shanks were fabricated (Figure A.3B;;;), while the former was not used during
animal experiments. The designs could also include surface electrodes (ECoG electrodes) (Figure
A.3B;,). The design incorporating 30 shanks measuring 1000 um in length (Figure A.3B,), failed
to be folded successfully, as discussed in section 4.2.5.
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1400 pm

Figure A.1.: Design of the 16-channel probe used in the electrochemical accelerated aging test. A) The probe consists of
nd a single shank (B) with a length of 1400 pm comprising 16 electrodes with a

contact pad area for PCB connection a
diameter of 12 um (C).

A Shape and openings B C
[ Metal layer
Contact el » ¢
pad 3| 2 ; > ~» 15pum
g /
25 um

500 pm

Figure A.2.: 2D BiMEA design for the characterization of the retinal tissue.
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KiriRet variations
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1!)@ um spacing \

gy,

gl
UGG

T
LK

KiriCor variations

v 10!
A\ 500 pm long

250 um spacing
with surface

fii. | dok
| 500 pum long L
250 um spacing \

)

electrodes

P

|
U T
v 1000 pm

<=
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Figure A.3.: Kirigami design variations. A) KiRiRet variations reaching from 32 x 225 um long shanks with 100 pm (i) or 50 pm

spacing (ii). Up to 512 electrodes distributed equally over 128 shanks were achieved (iii). B) KiRiCor variations reaching
from 4 (i), 8 (ii) to 10 (iii) x 500 pm long shanks with 250 pm spacing. The designs also included surface electrodes if
desired (iv). A probe with 30 x 1000 um long shanks was tested, but the folding was not entirely successful.
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C

2D probe

lower mold upper mold

< <-

assembly table

Figure A.4.: Upside-down approach for the folding of kirigami implants. An alternative folding method also uses an upper mold
(A) and a lower mold (B). Here, the flexible probe is placed on the lower mold which has protruding etches to hold the
probe in place (C). Then the upper mold, which contains the blogs, is turned upside down and approaches the 2D probe
from the top to fold all the shanks at the same time (D).
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B. Appendix: Implant characterization

KiRi Anodic first Cathodic first PiRi Anodic first Cathodic first

P idth (ms) mean I (UA) std (UA) mean I (UA) std (UA) idth (ms) mean I (UA) std (UA) mean I (uA) std (UA)
0.1 71.9 10.4 2.1 1.1 0.1 149.9 44.8 179.9 85.6
0.5 19.2 79 149 21 0.5 495 175 44.4 209
0.8 13.1 5.3 10.2 1.9 08 35.0 13.5 28.9 1.9
1 10.9 4.2 8.5 1.8 1 28.3 10.8 23.7 9.4
2 6.4 2.6 4.7 0.9 2 16.2 6.6 13.1 4.2
3 4.4 16 3.4 0.6 3 115 4.7 9.6 29
4 3.6 1.3 27 0.4 4 8.9 38 7.6 23
5 3.0 1.2 23 0.3 5 72 29 6.4 1.9
10 1.8 0.6 1.4 0.1 10 4.1 1.6 3.8 1.1

Table B.1.: Maximum current values of KiRi and PiRi electrodes before reaching the maximum cathodic E,,. or anodic E,.. potential
limits during voltage transient measurements depending on the pulsewidth and pulse type (anodic or cathodic first biphasic

pulses)
KiRi Anodic first Cathodic first PiRi Anodic first Cathodic first
Pulsewidth (ms) mean CIC std CIC mean CIC std CIC Pulsewidth (ms) mean CIC std CIC mean CIC std CIC
0.1 1.5 0.2 1.3 0.2 0.1 1.7 0.9 1.7 0.7
0.5 2.0 0.9 15 0.2 0.5 25 11 2.1 0.7
0.8 241 0.9 1.7 0.3 08 28 1.1 2.2 0.7
1 22 0.9 1.7 0.4 1 28 1.1 23 0.7
2 26 1.1 1.9 0.4 2 3.3 1.2 26 0.9
3 2.7 11 2.1 0.4 3 3.5 13 29 0.9
4 29 1.2 22 0.4 4 3.6 1.4 3.1 1.1
5 3.1 1.2 2. 0.3 5 37 1.4 3.2 1.2
10 37 1.2 29 0.2 10 4.2 1.6 3.8 14

Table B.2.: CIC of KiRi and PiRi electrodes depending on the pulsewidth and pulse type (anodic or cathodic first)
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N . ., Young’s Pillar Diameter (at the E-I cross- Reference
Device Components Main Material modulus Length base) section at
centroid
(GPa) (um) (um) (Num?)  (um?)
Hollow IPL pillars straight pillars: 12 3.9 110
This work: PiRi IPL 4.73 Up to 500 This work [41]
filled with Au cone-shaped pillars: 50.7 541
35
multisite pillars: 36 x 11.6 250
12
This work: KiRi Flat Shanks PaC 1.7 up to 1000 50 x 10 (thickness x 74 500 This work [177]
width)
Silicon microneedle Needle electrodes Si 160 100 10 78.5 78.5 Lee et al. 2022 [116]
array
Sea of electrodes Needle electrodes Si 160 500 20 398 177 Zardini et al., 2021
[115]
Inkjet-Printed and  Solid pillar electrodes AgNP ink 82 560 32 4220 804 Grob et al. 2021
electroplated elec- [114]
trodes
3D printed electrodes Cone-shaped pillar ormocomp 1 350 50 97 1105 Brown et al. 2022
electrodes [117]
Utah Array Cone-shaped needle Si 160 1500 90 163040 3579 Campbell et al., 1991
electrodes [24]
(Stacked) stiff Michi- Flat shanks Si 160 10 x 50 (thickness x 16667 500 Wise at al., 1970 [25]
gan array width)
Flexible 3D stacks Flat shank Pi 25 14 x 80 (thickness x 45.73 1120 Chung et al., 2019
(Michigan-style) width) [118]
in vivo kirigami Flat shanks Pi 25 1500 20 x 200 (thickness x 333.3 4000 Lee et al., 2022 [37]
width)
in vitro kirigami Flat shanks Pi 25 1100 15 x 90 (thickness x 63.3 1350 Soscia et al., 2020
width) (36]
Neural threads Thin flexible threads SuU-8 2 0.94 x 1 (thickness x 0.00017 ~1 Yang et al., 2019 [32]

with single electrodes

width)

Table B.3.: Bending stiffness comparison of probes used in this work with examples from the literature.
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A Prior aging test (Control)
No annealing Annealed at 160°C Annealed at 200°C

o - -
o - -
o - -

B Optical inspection during the course of the aging test

No annealing Annealed at 160°C Annealed at 200°C

2 weeks

4 weeks

6 weeks

8 weeks

Figure B.1.: Microscopic inspection prior and during the aging test. A) Microscopic inspection of samples prior to the start of the
aging test, which have either no, 32 or 128 feedlines, and B) pictures taken during the course of the aging test (after 2, 4,
6 and 8 weeks). The columns are the annealing groups (unannealed, annealed at 160°C and annealed at 200°C.
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C. Appendix: Applications

C.1. Medium preparations

C.1.1. Ames’ medium

For the preparation of 1 |, a bottle(8.8 g/l) of Ames’ medium (A1420, Sigma Aldrich) was used and
dissolved in 1 | of distilled water. 1.7 g/l of sodium bicarbonate (NaHCO3) (S5761, Sigma Aldrich)
were added. Then, the solution was oxygenated with carbogen gas containing 95% O2 and 5%
CO2 (The Linde Group, Germany) for at least 30 mins. The pH was adjusted to 7.4 using sodium
bicarbonate (NaHCOs).

C.1.2. Artifical cerebrospinal fluid (aCSF) and modified aCSF

For the preparation of 1 | aCSF, (in mM) 124 NaCl, 24 NaHCO03, 3 KClI, 1.25 NaH2P04, 1.25
MgCI2, 2 CaCl2, and 10 glucoses were dissolved in 1 | distilled water according to [277]. Then,
the solution was oxygenated with carbogen gas containing 95% 02 and 5% CO2 (The Linde
Group, Germany) for at least 30 mins. The pH was adjusted to 7.4 using sodium bicarbonate
(NaHCO:s).

C.2. Retina applications

E4

Mﬁmmdﬁm»m

E3

b i

E2

b

E1l

100 uV‘ ' l

500s

Figure C.1.: Application of GABA to abolish oscillations Recording of a retina from a 19-month old RCS rat, where the oscillations
were abolished using GABA. The effect of GABA took around 60 min until a decrease of deflections was evident and no
oscillatory activity was anymore observed.
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Figure C.2.: Cross-correlations and FFT in RCS retina Maximum value of the cross-correlations of each electrode with all other
electrodes for a KiRi (A) and PiRi (B) electrode using the LFP data recorded in a RCS rat. FFTs of each electrode (raw
data) during a period of oscillations recorded with KiRi (C) and PiRi (D) electrodes (modified from [197]).

C.3. Cortical applications
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Figure C.3.: Inducing a depolarization block with modified aCSF and recording the activity with a PiRi electrode.
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Figure C.4.: Analysis of the correlation of activity recorded with KiRi electrodes during SLEs A) Map of the maximum value
of the cross-correlation of the raw data trace of all electrodes with all other electrodes. B) Maximal value of the cross-
correlation for electrode E4.1 and SE2 with all the other electrodes during the SLEs in those electrodes (modified from
[177]).
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Figure C.5.: Spiking activity of human brain slices in modified aCSF A) The complete recording of two example electrodes (E3.1
and E4.1) is displayed (bandpass-filtered data).B) A snapshot of all electrodes is presented, showing SLEs in Shank 1,
2, 3, and 4, as well as in the surface electrodes SE1 and SE2. The sorted spiking units are displayed alongside the

bandpass-filtered data. Spikes that occur during the SLEs are red, while spikes outside of the SLEs are displayed in gray
[177).
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Figure C.6.:

E2.4 E3.4

Spiking activity during the insertion of a KiRiCor implant with 8 shanks containing four electrodes into the cortex
A) Exemplary band-pass filtered (100 Hz — 3 kHz) electrophysiological data. The insertion was carried out in a stepwise
manner, with the timing of each step indicated by vertical red lines. The insertion process resulted in the observation
of various spiking activity patterns across shanks. While some electrodes recorded an increase in spiking activity over
the subsequent seconds following insertion (as illustrated in E2.1, B), other electrodes exhibited an abrupt elevation in
spiking activity (as seen in E1.2, C). Following a brief period of rest, which lasted for approximately two minutes in this
example, the activity returned to its baseline state (D). This was characterized by the presence of regular spontaneous
spiking activity across the majority of the electrodes (as depicted in the band-pass filtered data) [177].
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Figure C.7.: Cross-correlation analysis of the LFPs of each electrode with all the other electrodes during acute in vivo recordings in
the mouse somatosensory cortex and stimulating the hind paw. The cross-correlation plots of non-working electrodes
are represented in gray and as black boxes in the other heatmaps [177].
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Figure C.8.: Recording from S1 using KiRis during tactile stimulation of the fore limb A) Averaged LFPs during the initial second
of tactile stimulation, exemplary data of E2.2 and E4.2. The peak-to-peak potentials were derived from the averaged
LFPs over 50 trials. B) The spiking activity demonstrates a corresponding increase in response to the stimulation (brown
bars). The mean changes (firing rate ratio during versus before stimulation) in spiking activity are also dependent on the
position of the electrodes. The band-pass filtered data and firing rate trace of E2.2 are visualized as an example.
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Raw data, spiking activity and sorted spikes upon visual stimuli
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Figure C.9.: Spiking activity measured in the visual cortex with a KiRi implant This Figure illustrates the raw, filtered data as well
as the sorted spikes of one trial in response to the simple grating visual stimulus. The red bar denotes the onset of the
stimulus [177].
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