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Kurzfassung

Die Verbindung von peripheren Nerven mit externen Elektroden ist eine wichtige
Technik (PNI nach ihrer Abkiirzung in Englisch), um diese Nerven zu stimulieren
oder ihre neuronale Aktivitat aufzuzeichnen. Die PNI-Technik kann zur Diagnose
und Behandlung von Krankheiten eingesetzt werden, wenn andere Methoden
unzureichend oder nicht vorhanden sind. Auflerdem bietet die PNI Potenzial fiir die
Entwicklung von Neuroprothesen, d.h. Prothesen, die direkt mit dem Nervensystem
verbunden sind und idealerweise vom Gehirn gesteuert werden oder auch verlorene

Empfindungen wiederherstellen konnen.

Im Allgemeinen ist die PNI-Technik mit einem Zielkonflikt zwischen der
Selektivitit der Ansteuerung und der daraus resultierenden Invasivitiat konfrontiert.
So ermoglicht beispielsweise die Implantation einer Elektrode in die Néhe des Nervs
die gezieltere Ansteuerung eines Axons innerhalb des Nervenbiindels, gleichzeitig
erhoht sich jedoch auch die Schwere des Eingriffs. Extraneurale Elektroden werden
zu den am wenigsten invasiven Nervenelektroden gezéhlt, da sie den Nerv von auflen
ansprechen, ohne seine Schichten zu durchdringen. Diese Eigenschaft macht sie
jedoch weniger selektiv als intraneurale Elektroden.  Die Selektivitat von
extraneuralen Elektroden kann erhoht werden, indem kleinere Nerven angesteuert

werden, da diese weniger Axone umfassen.

In der vorliegenden Arbeit werden neuartige extraneurale Schnittstellen fiir kleine

Nerven charakterisiert und anschliefend miteinander verglichen. Zunéachst wurde ein



Protokoll fiir in vivo Experimente entwickelt. Hierfiur wurde das Insekt Locusta
migratoria aufgrund seiner einfachen neuronalen Anatomie als Tiermodell
ausgewahlt. Insbesondere weist dieses Tier ein Axon auf, das bei Stimulation eine
plotzliche tibiofemorale Streckbewegung hervorruft, welche im Folgenden als
Biomarker fiir die Stimulationsprotokolle verwendet wurde. Messaufbaus wurde ein
geschlossener Regelkreis mit einer selbst entwickelten Manschettenelektrode
implementiert, der es erlaubt, den tibiofemoralen Durschnittswinkel des Insekts

durch externe Stimulation zu steuern.

Des Weiteren wurden moderne additive Fertigungsmethoden verwendet, um eine
neuartige, vollstandig in 3D gedruckte Manschettenelektrode herzustellen, die
Zwei-Photonen-Stereolithographie und 3D-Tintenstrahldruck kombiniert. Das
entwickelte Implantat hat ein kleines Aspektverhéltnis und sein praktisches Design
erleichtert die Kopplung mit dem Nerv. Es verfiigt auflerdem tiber vier Elektroden,
die nicht nur zur selektiven Stimulation des Nervs, sondern auch zur Aufzeichnung
von Signalen und zur Bestimmung ihrer Ausbreitungsrichtung entlang des Nervs

verwendet werden koénnen.

Schliellich werden weitere Materialen und Ansétze zur Herstellung von
Manschettenelektroden vorgestellt. Diese Implantat-Prototypen verbessern wichtige
Eigenschaften extraneuraler Manschettenelektroden, wie z. B. Elektrodenanzahl und

einfachere Nervenbefestigungsmechanismen.






Abstract

Peripheral nerve interfacing (PNI) is an important technique in which nerves are
interfaced externally with an electrode to stimulate the nerve or record its neural
activity. PNI can be used to diagnose and treat diseases where other methods are
insufficient or do not exist. Furthermore, it has potential in the development of
neuroprostheses, that is, prostheses that interface directly with the nervous system
and could, ideally, be commanded by brain signals and used to restore lost

sensations.

PNI poses an inherent tradeoff between the selectivity of communication with a
specific axon within a nerve and the invasiveness of bringing an electrode in
proximity to that axon. Extraneural electrodes are counted within the least invasive
nerve electrodes because they interface the nerve from the outside without piercing
through its layers. However, this characteristic makes them less selective than
intraneural electrodes. Interfacing small nerves that comprise fewer axons can be
used to increase the selectivity of extraneural electrodes. In this work, I characterize

and compare novel extraneural interfaces for small nerves.

First, I develop an in vivo framework to work with small nerves. I select the
insect Locusta migratoria as the animal model because of its simple neural anatomy.
In particular, this animal presents an axon that elicits a sudden tibiofemoral
extension movement when stimulated. I use this movement as a biomarker for

stimulation protocols. To validate this framework, I implement a closed-loop system



featuring a self-developed cuff electrode that controls the mean tibiofemoral angle of

the subject.

Next, I combine modern additive manufacturing techniques to fabricate a novel,
fully 3D-printed cuff electrode, combining two-photon stereolithography and 3D
inkjet printing. The developed device has a small aspect ratio and its convenient
design facilitates the interfacing procedure. This device also features four electrodes
which were not only used to selectively stimulate the nerve, but also to record

signals and determine their direction of propagation along the nerve.

Finally, I characterize other cuff electrodes showcasing novel materials and
fabrication methods. These devices improve important characteristics of extraneural
cuff electrodes, such as electrode count and more straightforward nerve attachment

mechanisms.
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CHAPTER 1

Introduction

Figure 1.1: Concept art of neural tissue interfacing an electronic circuit. This image
was created with the assistance of craiyon.com.
Interfacing with the nervous system to restore lost functions or surpass the limits of
the human body is a concept that has been influencing our culture for many years.
The seamless replacement of a severed hand, for example, with an equally functional

robotic prosthesis is perhaps best portrayed in the impactful scene featuring Luke


craiyon.com
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Skywalker in Star Wars. Subsequent art productions proposed even more ambitious
scenarios in which neural interfacing plays a central role, such as Neuromancer
(1984), Ghost in the Shell (1989), and the iconic The Matrix (1999). Whereas the
current state of the art is still far from these scenarios, it is a fact that the last years
have not only seen a significant increase in the number of scientific articles dealing
with neurotechnologies [1], but also in the financial investment in the
neurotechnology industry [2]. The renewed interest in neural interfacing has also
been accompanied by an exponential increase in the number of companies and
start-ups aiming to bridge the gap between brain and machine. Some of them, like
Elon Musk’s Neuralink, have even drawn significant media attention. Despite the
variety of research and industrial approaches, their overarching goals remain the
same: increasing the fundamental knowledge about the nervous system to treat its

disorders and expanding its reach beyond the natural limits.

Neural interfacing can target the central (CNS) and the peripheral nervous
system (PNS). The PNS is composed of the nerves and ganglia outside the brain
and spinal cord and acts as the messaging system of our body. It connects the brain
to the sensory organs and the muscles, allowing us to perceive and interact with the
physical world. Furthermore, the PNS also regulates autonomous body functions
that are indispensable for life, such as heart beating and breathing. Since the nerves
that make up the PNS carry high-density information pertaining to our body, there
is an increasing interest to interface them for therapeutic purposes, such as

diagnosing diseases in earlier stages or restoring lost sensations.



The use of electricity to treat ailments such as chronic pain has been known for a
long time and can be traced back to ancient times [3]. However, the concept of
externally interfacing with the PNS as we know it dates to the famous experiment of
Luigi Galvani in 1787. In his work, he contracted the legs of a frog by applying
electricity to their innervating nerves. However, it was not until the 1960s that
peripheral nerve interfaces were first clinically implemented [4, 5]. The promising
results of the first experiences paved the way for further research and development
of neuromodulation strategies. In particular, the importance of the vagus nerve was
well known since the 1800s and represented an attractive target for therapeutic
interfacing [6]. In 1985, vagus nerve stimulation (VNS) was shown to successfully
reduce seizures in epileptic patients [7]. Today, VNS is an approved clinical
treatment for epilepsy [8] and depression [9]. Moreover, its potential to treat other
conditions, such as cardiovascular disease [10], obesity [11], rheumatoid arthritis [12],

and even respiratory symptoms associated with COVID-19 [13] is being investigated.

The development of peripheral nerve interfaces is an active field of research, today
more than ever [14]. The two major challenges for nerve interfacing are achieving
high selectivity and stable long-term performance [15]. Since nerves comprise
multiple axons, selective stimulation is an important requirement to mainly elicit the
desired response while minimizing side effects. Higher selectivity has traditionally
been achieved by placing the electrode closer to the desired nerve fibers. However,
this method requires electrodes that penetrate the tissues surrounding these fibers,
generating trauma. Placing the electrodes on the outside of the nerve generates less

trauma but the selectivity is reduced. Therefore, a compromise between selectivity
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and invasiveness is always made in the design of nerve interfaces. Irrespective of the
level of invasiveness, an implant is always regarded as an alien body by the organism
and will trigger a foreign body response [16]. The immune system will attack the
electrode, consequently degrading its performance. It has been shown that the
long-term performance of devices that interface the nerve from its surface
(extraneural) is better than that of those that pierce the nerve (intraneural) [17, 18].
There have been attempts to increase the selectivity of extraneural interfaces, such
as nerve-reshaping devices [19, 20], increasing the number of electrodes [21-24], and

using modern signal processing techniques to improve recording selectivity [25].

Commonly targeted nerves for research and clinical applications tend to be large,
usually around 1 mm in diameter [26]. Stimulating large nerves carries the risk of
undesired neuromodulatory responses because they comprise multiple nerve fibers.
Furthermore, recording from a nerve with multiple fibers presents challenges to the
task of determining the sources of the signals. One way to increase selectivity is to
interface with smaller nerves, as they comprise fewer axons. In recent years,
researchers have leveraged advances in fabrication techniques and materials science
to develop small and flexible interfaces to overcome challenges associated with small
peripheral nerve interfaces [27-31]. Whereas intense research is being carried out to
improve nerve interfacing from many fields, a gold standard for long-term small

nerve interfacing is yet to be achieved.

The present work investigates different approaches of interfacing small nerves

extraneurally. I will focus on the comparison of different electrodes in terms of



the materials used, fabrication and stimulation and recording performance. I will
further investigate their long-term behavior in insects. Finally, I will assess the
possibilities of closing the interfacing loop in real time. The rest of the thesis is
organized as follows. Chapter 2 introduces the fundamentals of neuroanatomy,
electrophysiology, electrochemistry, and state-of-the-art peripheral neural interfaces.
Chapter 3 presents a silicone cuff electrode for small nerve interfacing used in a
closed-loop circuit in vivo and in real time. Chapter 4 describes the design and
implementation of a cuff electrode for small nerves fabricated using a combination of
3D printing techniques. Its selectivity in terms of both stimulation and recording
is further characterized. Chapter 5 shows the implementation and comparison of

smart electrodes. Finally, Chapter 6 compares and discusses the used electrodes.






CHAPTER 2

Fundamentals

In this chapter, I present the theoretical background of the topics discussed in this
thesis, along with a brief review of nerve interfaces and a description of the animal
model employed. It is worth noting that the fundamental information provided here

can also be found in standard textbooks.

2.1 Nervous system and peripheral nerve interfacing (PNI)

2.1.1 Nerve anatomy and physiology

Cell membrane Cell body

Node of
Axon Ranvi
/ anvier
Dendrites/ \ v/ Mveli
«— Myelin
Nucleus Axon sheath
hillock

Axon terminal {

Figure 2.1: A schematic of a typical mammalian neuron depicting its constituent
parts.
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The neuron is the basic unit of the nervous system. It is an excitable cell with a
negative voltage difference across its membrane at rest with respect to the
extracellular space. The neuron has three main parts: the soma, the dendrites and
the axon (Figure 2.1). The soma hosts the nucleus and all the organelles required
for the correct functioning of the cell. The dendrites are projections of the cell that
receive input from other neurons and relay it to the soma. The axon is the only
output projection of the neuron and it carries the signals to the dendrites of other
neurons or to the end organ. Myelin is a fatty substance that surrounds and
insulates the axon, preventing electrical signals from dissipating and increasing the
speed at which they can travel. The myelin sheath is made up of specialized glial
cells, oligodendrocytes in the central nervous system and Schwann cells in the
peripheral nervous system. The myelin sheaths are separated by nodes of Ranvier,
which are small gaps that allow the electrical signal to be regenerated. In this way,

it is ensured that the signals remain strong as they travel along the axon [32].

The nerves of the peripheral nervous system can be thought of as a bundle of
axons organized as a series of nested layers. The outermost layer is the epineurium,
which is a layer of connective tissue that surrounds the entire nerve. Within the
epineurium, individual axons are organized into smaller groups called fascicles.
These fascicles are separated by loose connective tissue and are held together by
another layer of connective tissue called the perineurium. The perineurium helps to
protect and maintain the structure of the mnerve fibers within each fascicle.
Individual axons are surrounded by their own layer of supportive cells called

endoneurium. The arrangement of these layers helps to protect and maintain the
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structural and functional integrity of the nerve. Nerves also carry blood vessels to

supply their ample energy demand [33, 34].

Neurons keep a potential difference of around —70mV with respect to the
extracellular medium at rest (the extracellular potential is conventionally set to 0V).
The cell membrane is a lipid bilayer with some proteins embedded into it. Some of
these proteins maintain a concentration difference for the ions between the extra-
and intracellular media and are called ion pumps. It is the different concentration of
ions on each side of the membrane that gives origin to the membrane (or
transmembrane) voltage V,,,. Other proteins called ion channels permit the selective
diffusion of certain ion species across the membrane, Na™ and Kt amongst the most

important.

The unit of signaling of the neurons is the action potential, usually also called
spike because of its shape, and it is an essential component of the mechanism by
which neurons communicate with one another and with other cells. It is a rapid and
brief (~1ms) change in V,,, as shown in Figure 2.2. Normally, it is generated in the
axon hillock and travels down the axon until the axon terminals. The action
potential is initiated when the membrane potential of a neuron becomes depolarized
beyond a threshold potential, meaning that the voltage difference between the inside
and outside of the cell becomes less negative. This event triggers the opening of Na*
and K™ voltage-gated ion channels. Initially, an influx of Na™ enters the cell driven
by both its concentration and electrical gradients, which causes a sharp increase in

the intracellular voltage. This influx further depolarizes the membrane and triggers
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Na® influx KT efflux

v

Time
Figure 2.2: Typical shape of an action potential. The rising edge is due to the sudden

influx of Na™ into the cell. The repolarization is due to the inactivation of the Na™
ion channels and the efflux of K.

the opening of more ion channels, creating a chain reaction that results in a rapid,

all-or-nothing increase in the membrane potential. After the initial influx, the Na™

channels inactivate and the K channels continue to open slowly. With no more Na*
influx and an efflux of K™ driven by its concentration and electrical gradients, V,,
decreases until a value below the resting membrane voltage. This low value of V,,
causes the closing of the K* ion channels and the de-inactivation of the Na™
channels, resetting the membrane potential to its value at rest. The period
immediately after the action potential is characterized by the difficulty or

impossibility of generation of another action potential due to the inactivation of the

Na™ channels and it is known as the refractory period. Once the action potential
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reaches the axon terminal, it triggers the release of neurotransmitters, which bind to
receptors on the next neuron and initiate a new action potential. This process

continues along the chain of neurons until the message reaches its final destination

INat IJk+ gL
Vin | ——Cnm
T Vir T 1,

T VNat+

32, 35].

Vout

Figure 2.3: Hodgkin-Huxley electrical model of the cell membrane.

Hodgkin and Huxley were awarded in 1963 the Nobel prize in Medicine for the
study of the ion channels of the giant axon of the squid, subsequently discovering
the action potential [36]. Their empirical values were then used to describe the
membrane behavior using passive electronic components, as shown in Figure 2.3.
The voltage sources represent the resting potential of each ion species, as calculated
per the Nernst equation. The variable resistances connected to them represent their
transmembrane conductance, which are voltage- and time-dependent for the case of
Na™ and K*. The leakage branch represents the rest of the ionic currents that are
constant or approximately constant during an action potential event, including the
currents generated by the ion pumps that maintain the concentration gradients across
the membrane [37]. Finally, the capacitor represents the charge separation achieved

by the cell membrane. Applying Kirchhoff’s law of currents to this equivalent circuit,
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the following general equation is obtained:

Cm% + nat - Vi = Vaat) + 9+ - Vi = Vier) + 91 - (Vi = V) =0 (2.1)
Hodgkin and Huxley found that the Na™ ion channels are formed by three activation
particles m and one inactivation particle h, whereas the K ion channels are formed
by four activation particles n. The values of the conductances of Equation (2.1)
depend on the probability of these gating particles of being open at a given time.
They modeled the dynamics of the gating particles as a two-state Markov chain
that can be described by a first-order differential equation. The transition rates
between the states are voltage-dependent. For a very large number of ion channels,
the proportion of open ion channels at a given time can be approximated to the
probability of one of them being open at that time. Therefore, the overall membrane
conductance for a given ion species can be described as the maximum conductance g

of that species times the probability of that channel being open.

INat = gNa7L ’ m3 -h

(2.2)
gK+ — gKJr . n4
Thus, Equation (2.1) can be reexpressed as
dVin 3 _ 4

Equation (2.3) models current per unit of area, that is, a limited patch of cell

membrane. This segmentation allows the building of an axon model as a spatially
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distributed version of the Hodgkin-Huxley model, where depolarization occurs locally.
In this model, the action potential propagates along the nerve by depolarizing
contiguous regions of the membrane. At the region of the action potential, there
is an initial strong influx of Na¥ into the cell (Figure 2.4). On the one hand, the
higher concentration of Na™ in the intracellular space causes Na™ to diffuse to the
neighboring regions of the axon, where its concentration is lower. On the other hand,
the lower concentration of Na™ in the extracellular space at the region of the action
potential causes Na't to diffuse to this region. These diffusion currents depolarize the
contiguous patch of cell membrane and trigger another action potential event if the
threshold potential is reached. This propagation model works for both myelinated
and unmyelinated axons. In the case of myelinated axons, the next depolarizable
region is the next node of Ranvier, whereas for unmyelinated axons it is the next
predefined unit of area. The Hodgkin-Huxley axon model is then a succession of
single Hodgkin-Huxley models with resistors interconnecting them that symbolize

the intra- and extracellular resistances [32, 34].

Extraneural interfacing

The action potential has an amplitude span of around 100 mV. To record this signal,
intracellular recording techniques, such as the patch clamp technique, have been
developed [38]. This technique requires accessing the interior of a neuron with an
electrode to measure its electric activity during an action potential event with
respect to the extracellular medium. Whereas this recording technique allows for
highly sensitive and accurate recordings of the electrical activity of individual

neurons, it is also technically challenging and usually restricted to isolated neurons
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Extracellular space
Na™ diffusion

Na™ influx /

Na™ diffusion
Intracellular space

Direction of propagation of the action potential

Figure 2.4: Ion distribution during the propagation of an action potential along an
axon.

or in vitro preparations. Furthermore, this technique can cause damage to the cell
membrane and requires precise positioning of the electrode and control of its

insertion depth, so it is mainly used for research purposes.

On the other hand, in extracellular recordings, an electrode is placed outside of
the cell membrane, typically in the extracellular fluid surrounding the cells. During
an action potential, the neuron sees an inflow of Na™ followed by an efflux of K*.
An electrode placed on the extracellular medium will perceive these ion fluxes as a
sink and a source of current, respectively. Therefore, an extraneural electrode
detects the voltage changes generated by these currents during an action potential

event. These voltage changes are recorded and analyzed to study the electrical
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properties of neurons and the functioning of the nervous system [39, 40]. The main
advantages of extraneural interfacing are that the neuron tissue is unaffected and
electrode positioning is less critical than in intraneural interfacing. However, the
amplitude of the recorded signals is several orders of magnitude lower, making them
more difficult to detect. Another drawback of extraneural interfacing is the lack of
selectivity when multiple sources are present, such as in the case of nerves. Nerves
comprise multiple axons and many of them can be active at the same time. In this
case, extraneural electrodes will have difficulty in determining the sources of the
signals because the recorded signal will normally be a superposition of single-unit
action potentials, also called a compound action potential (CAP). Normally, several
electrodes can be used to attempt to triangulate the source of the signal to increase

recording selectivity [41].

Electrical signals are transmitted between the electrons of the electrode and the
ions of the solution as capacitive (without charge transfer) and faradic (with charge
transfer) currents. Capacitive currents are generated by a redistribution of charges
on both sides of the interface and are, in principle, reversible. On the other hand,
faradic currents originate from redox reactions and normally generate new species in
the solution. In reversible (or pseudocapacitive) faradic reactions, new species are
created but stay adsorbed to the interface or in its close vicinity and the reaction
can be reversed if the current switches directions [14]. If the newly generated species
diffuse away from the electrode and the reaction cannot be reversed by switching the
polarity, it is termed irreversible. Normally, nerve stimulation requires the delivery

of charge to the extracellular space. Therefore, delivering enough charge to
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stimulate a fiber while minimizing potentially harmful redox reactions is crucial for

nerve stimulation.

Nerve stimulation is triggered by the local depolarization of the cell membrane.
Typically, negative charges are injected into the extracellular space to decrease the
extracellular potential, which increases V,,. If the cell is depolarized beyond threshold,
an action potential is triggered. Thus, the proximity of the electrode to the cell
membrane is a key factor in determining the amount of required charge. The further
away it is, the more current will be leaked through the gap between the electrode
and the nerve tissue and the less efficient the stimulation will be. This leakage can
be compensated by increasing the stimulation amplitude but at the cost of triggering
stronger redox reactions. One of the most often used techniques to hinder redox
reactions is to increase the active area of the stimulation electrodes, thus generating

less overpotential for a certain current value.

2.1.2 Peripheral nerve interfaces

Nerves transport a great deal of information between the CNS and the periphery
of the body. Ideally, a peripheral nerve interface should be able to address every
single axon inside a nerve without interfering with its natural behavior. However,
electrodes need to be in close proximity of their target axons to be able to selectively
interface with them, which usually involves a highly invasive procedure that damages
the biological membranes of the nerve. The interfacing selectivity is a degree of
how accurate an electrode is in triggering a response or acquiring the signals from a

particular target fiber, without affecting or being affected by the fibers around it.
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The invasiveness of the procedure refers to how much the electrode or its implantation
procedure damage the neural tissue. In this compromise between the selectivity of the
interfacing and the invasiveness of the procedure, several PNI strategies have been
developed, as shown in Figure 2.5. Generally, PNI can be classified into intraneural
and extraneural, depending on whether the electrodes penetrate the nerve. In the
following, a brief review of the state-of-the-art regarding PNT is provided [17].

1 Sieve

MEA

TIME

LIFE

Invasiveness

Cuft

Selectivity

Figure 2.5: Conceptual chart relating invasiveness and selectivity of peripheral nerve
interfaces.

Intraneural PNI

Intraneural electrodes are characterized by a higher selectivity of the target axons or
fascicles but at the cost of damaging the natural structure of the nerve. If they

penetrate the epineurium and lie in between the fascicles without breaching the
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blood-nerve barrier, they are termed interfascicular [42—44]. If they also penetrate
the fascicles, thus achieving higher axon selectivity, they are called intrafascicular.
This kind of electrodes offers the most efficient stimulation and most selective
recording of all [45]. However, damaging the nerve tissue generates nerve trauma
and triggers a strong foreign body response (FBR) [46]. Due to this fact, intraneural
nerve interfaces present, in general, a shorter useful duration than extraneural nerve

interfaces [47, 48].

The longitudinal intrafascicular electrode (LIFE) was one of the first developed
intraneural interfaces [49, 50]. It consists of a thin wire carrier with the electrodes
distributed along its length inserted longitudinally along the nerve with the aid of a
needle. Newer versions are smaller to reduce the trauma, fabricated with polyimide

(PI) and called thin-film LIFE (tfLIFE) [51].

The transversal intraneural multichannel electrode (TIME) presents a similar
structure to the LIFE, but it is inserted transversely across the nerve [52, 53]. A
known issue of the TIME is the relative displacement of its electrodes with respect
to the nerve fibers over time. To account for this issue, an improved version of the
TIME is the self-opening intraneural peripheral interface (SELINE) [54]. This device
is made from PI and features flaps to its sides that spread when the electrode is

pulled back, fixing it to a position.

The microelectrode array (MEA) originally developed for brain interfacing was

translated to nerves in 2000 and has also been used for high-resolution PNT [55]. It
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consists of a needle bed that is pushed into the nerve and permits parallel recordings
of multiple channels. However, both its implantation is challenging when piercing
the perineurium due to the high electrode density and its FBR is very strong,

hindering long-term interfacing.

Finally, sieve electrodes are one of the most selective but invasive designs. They
consist of a flat circular structure with orifices on its surface where the electrodes are
located [56]. Their interfacing requires cutting the nerve, positioning the electrode
between the nerve ends and letting the nerve regrow through the device. However
selective, the success rate of regrowth keeps being a limiting factor, and its invasiveness

rarely justifies its use beyond research purposes [57].

Extraneural PNI

Extraneural electrodes are fixed on and around the epineurium of the nerve and are,
therefore, the least invasive kind of neural interfaces. However, since they can only
interface the nerve through its surface, targeting the inner fibers becomes a difficult
task, thus decreasing their selectivity. The most traditional structures for
extraneural nerve interfacing are the nerve cuffs [17]. The cuff has a tubular
geometry with the electrodes placed on the inner face of the tube. They present the
advantage of confining the ionic currents inside the structure and reducing the
leakage currents, which increases the signal-to-noise ratio (SNR) for recording and
decreases the current needed to stimulate the nerve. Generally, their interfacing
procedure is also straightforward, as it consists of wrapping the structure around the

nerve and suturing or gluing it to fix it closed. Since they are the least invasive, they
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can be used over longer periods of time [39, 58]. A particular type of cuff electrode
is the flat interface nerve electrode (FINE) [19]. This device flattens the nerve by
compressing it and causes the fascicles to move toward the surface of the nerve,

where they can be targeted more easily and specifically.

Further extraneural devices include the helicoidal electrodes, designed to self-close
and conformally wrap around the nerve. While they are easy to implant and explant,
their open geometry causes leakage currents and decreases recording efficiency [31,
59]. Finally, the book electrode is made of a block of silicone with deep trenches
carved into it on one side that resemble the back and pages of a book [60]. It has
been designed for bladder control by interfacing the sacral nerve roots in patients

with spinal cord injury.

2.2 Electrochemical characterization

Nerve interfacing is often based on the principles of electrochemical charge transfer
between the electrode and the electrolyte and/or nerve tissue. Analyzing the
electrochemical properties of the used electrodes is important to understand their
behavior and limitations. In this section, I introduce the fundamentals of the
electrode-electrolyte interface and standard electrochemical methods to characterize

it.

2.2.1 The electrode-electrolyte interface

When an electrode is immersed into an electrolyte solution, a potential difference

originates naturally between them. A model to explain this electrode-electrolyte
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interface phenomenon was presented by Herman von Helmholtz in 1879 [61]. In his
model, the potential difference creates an electric field at the interface that attracts
counterions to it and pushes the coions back into the electrolyte solution. The
attracted counterions form a layer adsorbed to the surface of the electrode, balancing

the excess charge and canceling the electric field around the interface (Figure 2.6).
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Figure 2.6: Electrode-electrolyte interface. A negatively charged electrode is
submerged into an electrolyte solution with positive and negative charges. Cations are
driven by the electric field towards the interface and adsorb to it, shielding the electric
field from the bulk of the solution. Anions are also electrically driven into the bulk of
the electrolyte solution. Since the electric field is shielded, the ions in the bulk of the
solution do not feel electrostatic force.

Since the interface separates charges without charge transfer, this phenomenon

can be modeled as a parallel plate capacitor, in which the specific capacitance, that
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is, the capacitance per unit area, is described as

€
Ch = - 2.4
- (2.4)
where ¢ is the permittivity of the electrolyte and r is the spatial separation
between charges. The original model approximated r as the radius of the ion,

whereas later models considered the radius of a solvated ion, i.e., surrounded by

water molecules.

Gouy (1910) and Chapman (1913) introduced another electrode-electrolyte model
considering the thermal diffusion of the ions. In this model, the ion distribution is
not a perfect plane adsorbed to the electrode but a concentration distribution ¢; in
the vicinity of the surface governed by the Maxwell-Boltzmann statistics [62]. This

concentration distribution is expressed as

F
Ci = Ci oo €XP (— Z;%Tgb) (2.5)

where ¢;  is the ion concentration in the bulk of the electrolyte far away from
the electrode, z; is the ion’s valence, I’ is the Faraday constant, ¢ is the electric
potential, R is the gas constant and 7T is the absolute temperature of the electrolyte.
The charge density near the electrode is, therefore, the sum of the ions for all the

species 7, times their valence z; times the Faraday constant.

PE = ZZiFCi = ZZiFCi,oo exp (— =T ) (2.6)

7 7
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The Poisson equation for electrostatics relates the electric potential to the local
net charge density as
Vip=—LE (2.7)
€
Substituting Equation (2.6) in Equation (2.7) yields the Poisson-Boltzmann

equation (Equation (2.8)), which explains the double layer approximating the ions

to point charges.

F W
Vi = - Z 2iCi 00 €XP (— ZRT¢) (2.8)

7

The Poisson-Boltzmann equation does not have a solution for the general case.
However, under certain considerations, an analytic solution can be obtained. One
such consideration is the Debye-Hiickel approximation, which states that for small
potentials (gb < Z—?), the equation can be approximated to its first-order Taylor

expansion. In this case, the solution is given by
—d
¢ =doexp | 1— (2.9)
D

where ¢q is the potential at the electrode, d is the distance from the electrode and

Ap is the Debye length, expressed as

eRT
ADp = 4| ——— 2.10
o £ Zz 21‘2%00 ( )

The Debye length gives a measure of the characteristic length of the decay of the
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potential into the bulk. Under the Debye-Hiickel approximation, the double-layer

capacitance can be expressed as

g

1" o
CGC,DH =3
AD

(2.11)

Whereas the Gouy-Chapman model is more accurate than the Helmholtz model at
explaining the charge distribution next to the walls, it approximates the ions to point
charges, with no constraints regarding how many charges can be adsorbed to the walls.
A solution to this issue was proposed in 1924 by Otto Stern, proposing a combination
of both models: the Helmholtz capacitor explains the charge concentration next to
the walls and the Gouy-Chapman capacitor further away from the walls [62]. The
resulting double-layer model is called the Gouy-Chapman-Stern model and features

both capacitors in series.

1 1 1
= (2.12)

" — " "
GCS CH GC

2.2.2 Electrochemical methods

According to the interface models presented so far, it is assumed that shifting the
electrode potential from its equilibrium value, i.e., polarizing the electrode, will
result in a redistribution of the dissolved ions within the electrolyte solution.
Electrodes with this behavior are termed ideally polarizable and normally do not
exist in nature [63]. In reality, polarizing an electrode changes the electron energy at
its interface. If this energy level becomes higher than the lowest unoccupied

molecular orbit (LUMO) of an ion species in the solution, an electron from the
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electrode is transferred to the LUMO of the ion. An electrode that donates electrons
is termed cathode. Correspondingly, if the highest occupied molecular orbit (HOMO)
of an ion species is higher than the energy of the electrons at the electrode, an
electron is transferred from the HOMO to the electrode [64]. In this case, the

electrode is termed anode.

Electrodes are characterized in electrochemical cells, consisting of the electrodes
submerged in an electrolyte solution. The electrode under study is conventionally
referred to as the working electrode. To measure the working electrode, another
electrode, called the reference electrode, is required. These reference electrodes are
designed so that their voltage drop remains as constant as possible during
measurement to provide a stable reference voltage. This setup is called a
two-electrode setup and is normally used to measure the equilibrium or open circuit
potential E,. of the electrode. Conventionally, the standard hydrogen electrode
(SHE) is used as a universal reference, with an equilibrium reaction described as
2H' + 2¢” = H,. Another popular reference electrode is the Ag/AgCl electrode.
Its equilibrium reaction is AgCl + ¢ == Ag + Cl and shows an equilibrium

potential of 0.197V vs. SHE in a saturated KCI solution at room temperature [63].

Most electrochemical techniques require polarizing the working electrode and
measuring the generated current. In these cases, a third electrode, called the counter
electrode or auxiliary electrode, is used to close the circuit with the working electrode.
Setups comprising a counter electrode are called three-electrode setups. Noble

metals, like Pt, or graphite are typical materials for counter electrodes since they are
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non-corrosive materials. Furthermore, these electrodes usually have a larger surface
area than the working electrode, usually in the form of a mesh, to prevent the
influence of kinetic reactions at the counter electrode from affecting the
measurement. The counter electrode is better positioned far away from the working
electrode to prevent its reactions from changing the electrolyte characteristics close
to the working electrode. On the other hand, the reference electrode is often placed
close to the working electrode to minimize the influence of ohmic voltage drop on

the electrolyte over the distance that separates them.

A potentiostat is a device that can modulate the energy level of the electrons at the
electrode and measure the transmitted current. In this way, an electrode-electrolyte
interface can be characterized through electrochemical measurements. In this work, I
characterized the electrodes using three techniques, namely cyclic voltammetry (CV),

voltage transients measurements (VT) and electrochemical impedance spectroscopy

(EIS).

Cyclic voltammetry

Cyclic voltammetry (CV) is an electrochemical technique used to investigate redox
reactions of a molecular species [64]. A typical CV measurement consists of sweeping
an electrical potential E between two vertex potentials F, (anodic vertex potential)
and F. (cathodic vertex potential) and measuring the resulting current ¢ through the
electrode. The rate at which this potential is swept is called the scan rate (v) and it
is important because faster scan rates result in a reduction in the thickness of the

diffusion layer, which results in higher measured currents. The ¢ — E' curve obtained
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from a CV experiment is called a voltammogram. An exemplary voltammogram is
presented in Figure 2.7. For large electrodes, in which mass transport plays a role,
the voltammogram presents a duck shape, which can be explained as follows. As the
voltage changes between the vertex values, the electrode gets polarized and redox
reactions cause current to flow. The current (either anodic or cathodic) keeps on
increasing with the voltage according to the reaction kinetics up to its peak value ip
at the voltage level Ep, where the amount of reactant in the vicinity of the electrode
decreases. At this point, the supply of reactant to the electrode is limited by mass
transport from the bulk, which causes the current to decrease. The shape of the
voltammogram is further affected by other electrochemical effects on the surface of

the electrode, such as adsorption and desorption during the sweeps.

A

>

Figure 2.7: Exemplary voltammogram of a redox reaction. E represents the applied
potential to the electrode and ¢ the measured current. E. and F, are the cathodic
and anodic vertex potentials, respectively. ip is the peak current measured and the
potential at which this happens is the Ep.

From the voltammogram, information on the reaction process can be obtained. For
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example, one can assess the reversibility of the process if Ep keeps the same value
for all the sweeps. The Randles-Sevcik equation relates the measured peak current
1p to the scan rate v for electrochemically reversible electron transfer processes in

which the species involved diffuse freely as

FvD
ip = 0.446nF Aco. % (2.13)

where n is the number of electrons transferred in the redox reaction, F' is the
Faraday constant, A is the electrode area, D is the diffusion coefficient, ¢, is the
bulk concentration of the redox species, R is the gas constant and T the absolute

temperature.

A popular parameter that can be estimated from the voltammogram is the charge
storage capacity (CSC'). This parameter represents the amount of charge per unit
area that an electrode can store in reversible processes, e.g., charging of the double
layer or charge adsorption. The definition of this parameter varies across the scientific
literature and it is often calculated differently [65-68]. One way to define the CSC
is as the area enclosed by a voltammogram obtained with a slow scan rate (e.g.,
50mV s™!) in the potential range of reversible reactions. Usually, the limits of this
range correspond to the oxidation and reduction potentials of water, also called the
water window. The CSC can be further separated into its cathodal (CSC.) and
anodal (CSC,) parts, defined by the areas enclosed by the cathodic and anodic

currents, respectively, as shown in Figure 2.8.
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Figure 2.8: A sample voltammogram highlighting the CSC, and the CSC, as the
areas enclosed by the cathodic and anodic currents, respectively. The cathodic and
anodic currents are further separated into the portions obtained during the forward
(if.¢, if,q) and backward (ip, ip4) scans.

In this work, the CSC, is used for electrode characterization and is calculated as
1 [Ee

CcSC.=— ibe — Lfe| dE 2.14

o1 L leind (214)

where v is the scan rate, A is the area of the electrode, F, and E, are the cathodic and
anodic vertex potentials, respectively, 4. is the cathodic part of the current recorded
during the backward scan and i is the cathodic part of the current recorded during

the forward scan.

Voltage transients

One important characteristic of stimulation electrodes is their ability to deliver

enough current to trigger a physiological response while minimizing or avoiding
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irreversible electrochemical reactions. The charge injection capacity (CIC) of an
electrode estimates the amount of charge per unit area that can be delivered
without causing these reactions and is calculated by using the woltage transients
technique (VT). The VT consists of applying a current pulse to an electrode
immersed in an electrolyte solution and determining its maximum polarization
potentials, both cathodic (E,,.) and anodic (E,,,). Then, these potentials are
compared to the safe polarization limits that do not cause irreversible reactions,
which are often defined as the potential limits of the water window. Usually, voltage

transients are recorded in a three-electrode setup.

Figure 2.9 shows a typical voltage transient obtained by applying a cathodic-leading
biphasic current signal. The potential before the stimulation pulse is applied is called
the interpulse potential (E;,,). The voltage response to the applied signal can be
separated into the voltage drop generated mainly by the ohmic resistance of the
electrolyte, also called access voltage (V,), and the electrode polarization voltage (V},)
[65]. Only V), contributes to the calculation of the maximum polarization potentials

E,.. and E,,,. For instance, for a cathodal current pulse, F,,. is calculated as

Ee = Eipp +V, (2.15)

It is worth noting that V), has a negative value in this case. Nevertheless,

determining V/, is more challenging than determining V,. Therefore, it is useful to
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define AV =V, + V), and calculate E,,. as
Epe = Eipp + (AV = V,) (2.16)

The CIC is finally estimated by finding the charge density whose maximum

polarization voltage (E,,. or E,,,) is equal to the safe polarization limit.
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Figure 2.9: An exemplary voltage transient response to a biphasic current pulse.

CSC and CIC are closely related parameters. While CSC represents the charge an
electrode can store, the CIC represents what portion of this charge can be used for

stimulation purposes. Therefore, materials with high CIC are desired for stimulation

electrodes.

Electrochemical impedance spectroscopy
The current response of an electrode in an electrolyte solution to an applied voltage
is highly non-linear due to the processes at the surface of the electrode, as seen in

Figure 2.7. However, if the voltage excursion is small enough, one can linearly
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approximate the current response of the system and compute its impedance.
Electrochemical impedance spectroscopy (EIS) is a powerful method that

characterizes the impedance of an electrode over a range of frequencies.

The process consists of applying a small-signal voltage perturbation, usually a
sinusoidal waveform of around 10 mV, and recording the current. If a sinusoidal wave

v(t) of frequency w in phasor form is applied to the system as

u(t) = |V (2.17)

the obtained current i(t) for the general case is

i(t) = |I|e7? (2.18)

Then, the system impedance for that frequency results

= i 0-(=0) = | 7|/ (2.19)

The impedance Z is normally a complex number, with its real part representing
the energy dissipation and the imaginary part the energy storage. A characteristic
impedance permits the description of the electrode surface with electrical components
to model electrochemical properties. The simplest model represents the interface
as a capacitor Cy, modeling the double-layer capacitance. An extended model also
considers the charge transfer processes, modeling it as a resistor R, in parallel with

Cg. Ohmic drops along the electrolyte are further characterized with another resistor
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R.. A model with these three components is called a simplified Randles circuit and
it is shown in Figure 2.10. Alternatively, the Cy can be replaced with a constant
phase element to better fit experimental data. A fourth component, the Warburg

impedance, can be incorporated in series with R to model diffusion processes.

Figure 2.10: Simplified Randles circuit.

In this section, I have presented the electrochemical background of the
electrode-electrolyte interface and some common techniques to characterize the
interfacing electrodes. In the next section, I introduce the animal model used for the

in vivo nerve interfacing experiments.

2.3 Animal model: Locusta migratoria

The nervous systems of insects retain the basic characteristics of that of higher-order
organisms, making insects suitable for neural research. The animal model used in
this work is a locust, a type of short-horned grasshopper. The locust species used is
Locusta migratoria, which belongs to the Acrididae family, in the order Orthoptera
(Figure 2.11) [69]. Locusts are able to jump long distances by a rapid extension of
their hind legs. Triggering the jumping of the locust through nerve stimulation could

lead to the development of insect-machine hybrid robots, which could be employed,
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for instance, in search-and-rescue missions in disaster areas. Furthermore, this
model could be enhanced by incorporating neural recordings as a feedback pathway
to control the jumping in a closed-loop fashion. Figure 2.12 presents a sequence of

pictures showing a locust jumping taken with a high-speed camera at 10000 fps.

Figure 2.11: The locust of the species Locusta migratoria was the main experimental
subject for this work.
In the following, I describe the anatomy and the nervous system of this animal

model.

2.3.1 Anatomy

Locusts present an articulated exoskeleton made of cuticle, which forms either hard
plates (sclerites) or soft membranes. Their body consists of three main parts: the
head, the thorax and the abdomen [71]. The head presents the mouthparts, and
various sense organs, such as the antennae and the compound eyes. The thorax
is, in turn, composed of three connected segments: the prothorax, the mesothorax
and the metathorax. Each segment presents a pair of legs on each side that enable

the locomotion of the animal. In particular, the metathoracic legs, or hind legs,
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10 ms

Figure 2.12: Jumping behavior of a locust captured with a high-speed camera
at different timestamps. The tibiofemoral angle of the hind leg is shown, with 0°
corresponding to the leg position in which the tibia is perpendicular to the femur. The
images were digitally corrected using enhance.pho.to. The tibiofemoral angle was
estimated using ImageJ [70].

are significantly larger and stronger than the others because they permit the strong
jump of the locust. Finally, the abdomen is composed of eleven segments and the

posterior telson. A diagram of the anatomy of a typical Locusta migratoria is shown


enhance.pho.to
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in Figure 2.13.
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Figure 2.13: Diagram of the anatomy of the Locusta migratoria.

2.3.2 Nervous system

Most of the neurons of the locust are monopolar, with a single projection from the
soma that splits to form the dendrites and the axon [71]. The central nervous
system (CNS) and the large branches of the peripheral nerves are protected by the
perineurium. The perineurium, in turn, is surrounded by a thick layer called the
neural lamella. The combination of the perineurium and the neural lamella forms

the nerve sheath, which protects and nourishes the nerve [72; 73].

The CNS of the locust comprises the brain in the head and nine ganglia that run

along the ventral side of the body [74]. The first is the subesophageal ganglion which
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controls the movement of the mouthparts. Directly posterior to this come the pro-,
meso- and metathoracic ganglia. Each ganglion has five or six nerves branching to
each side that innervate the muscles and sensilla of the thorax. These ganglia control
mainly the legs and wings, so they are important for the animal locomotion. The last
five are the smaller abdominal ganglia [71]. The brain and the ganglia are joined by
interganglionic connectives, making them work as a central nervous processing unit.

A 3D schematic of the ganglia relative to the locust body is shown in Figure 2.14.

N5 / ,
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Figure 2.14: 3D model of the nervous system of the Locusta migratoria. The chain
of ganglia is displayed in white, with a reference N5 emerging from the metathoracic
ganglion and innervating the hind leg.
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In this work, the movement of the hind leg of the locust was chosen as the standard
biomarker for stimulation experiments. The hind leg is innervated mainly by the fifth
nerve (nerve 5 or N5) of the metathoracic ganglion and it comprises sensory (afferent)
and motor (efferent) neurons [75-77]. Figure 2.15 shows a cross-sectional view of the
N5 at the level of the metathorax. One advantage of the locust is that only about
70 motoneurons totally control the movement of this leg, including fast and slow
extension, flexion, and tarsal movement, naturally enhancing selective stimulation
compared to mammals [78]. One particular motoneuron found in the N5 is called
the fast extensor tibiae (FETi), which is involved in the jump of the locust. This
nerve fiber is around 15 pm in diameter, around three times larger than the rest of
the fibers [75, 79, 80]. Neural recordings were also obtained from this nerve, both
afferent and efferent. All the nerve interfacing procedures and neural recordings were

carried out on the N5, unless stated otherwise.
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Figure 2.15: Cross-sectional view of the N5 of a Locusta migratoria at the level
of the metathorax. The tissue slice has been stained with hematoxylin-eosin. The
pink regions represent the axons. It can be seen that the axon size distribution is not
uniform, with some fibers being visibly larger than others. The fuchsia structure that
surrounds the nerve is the nerve sheath. This Figure was obtained in collaboration
with Dr. Tanja Groll and PD Dr. Katja Steiger, Comparative Experimental Pathology,
Technical University of Munich.






CHAPTER 3

Initial steps: rapid prototyping of a small nerve cuff

The chapter was reproduced in part with permission from Francisco Zurita, Fulvia
Del Duca, Tetsuhiko Teshima, Lukas Hiendlmeier, Michael Gebhardt, Harald Luksch
and Bernhard Wolfrum. The original publication “F. Zurita et al., In vivo closed-loop
control of a locust’s leg using nerve stimulation. Sci Rep. 2022 Jun 27;12(1):10864.
PMID: 35760828; PMCID: PM(C9237135.” is available on https://www.ncbi.nlm.

nih.gov/pmc/articles/PMC9237135/, doi: 10.1038/s41598-022-13679-z.

3.1 Preamble

Activity of an innervated tissue can be modulated based on an acquired biomarker
through feedback loops. How to convert this biomarker into a meaningful stimulation
pattern is still a topic of intensive research. In this chapter, I present a simple
closed-loop mechanism to control the mean angle of a locust’s leg in real time by
modulating the frequency of the stimulation on its extensor motor nerve. The
nerve is interfaced with a custom-designed cuff electrode and the feedback loop is

implemented online with a proportional control algorithm, which runs solely on a
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microcontroller without the need of an external computer. The results show that
the system can be controlled with a single-input, single-output feedback loop. The
model described in this chapter can serve as a primer for young researchers to learn
about neural control in biological systems before applying these concepts in advanced

systems.

3.2 Introduction

Interfacing the nervous system with stimulation and recording devices can be used
to diagnose and treat nervous system disorders. Such neurotechnology-based
concepts are successfully exploited in a variety of medical applications: in the
central nervous system, cochlear implants are routinely used to restore hearing by
directly stimulating the auditory nerve. In addition, deep brain stimulation is
applied to treat symptoms from Parkinson’s disease and depression [81, 82].
Furthermore, several strategies for specific disease treatment have recently evolved
based on bioelectronic interfacing with the peripheral nervous system. For example,
electric stimulation of the vagus nerve has been used for the treatment of epilepsy
and depression, and research is being conducted on its effectiveness to treat heart
conditions and even respiratory symptoms associated with COVID-19 [10, 13,
83-85]. Stimulation of the posterior tibial nerve has been investigated to treat
incontinence [86] and transcutaneous electrical nerve stimulation (TENS) has long
been used as a palliative for chronic pain [87]. Applying neural modulation in
humans is difficult due to complex, time-dependent, and largely uncharacterized
response behavior. This means that the same stimulus may yield different responses,

not only when applied in different subjects (inter-subject variability) [88], but also
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within the same subject at different times (intra-subject variability) [89, 90]. Since
the most commonly applied method of modulating neural activity is in an open-loop
fashion, i.e., without monitoring the output variable, the response has high
variability. To account for this variability, a closed-loop strategy is crucial to
monitor the desired outputs and adapt the modulation parameters accordingly to
achieve some degree of control over the output variable [91-96]. The concept of
control in the scope of this chapter should be understood from a control theory
perspective, in which the use of an output signal of a system is used to modify the
command signal of this system to reduce the difference between the desired and
actual output signal [97]. Sun et al. review four clinical cases where closed-loop
systems were used with better results compared to open-loop systems [98] . Kassiri
et al. discuss the benefits of closed-loop stimulation in the treatment of epilepsy [99].
In view of the advantages, new devices with potential for closed-loop applications
are emerging for the peripheral [100, 101], and the central nervous system [102, 103].
In particular, implantable and potentially adaptive systems are desired for long-term
studies. In this context, multisite electrodes have been leveraged to selectively
stimulate appropriate nerve fibers [104] and miniaturization as well as power

delivery strategies have been implemented [105, 106].

Fundamental research on closed-loop bioelectronic intervention strategies is
typically carried out using animal models, usually rodents and other smaller
mammals. For example, closed-loop vagus nerve stimulation has been shown to
enhance recovery of spinal cord injury in rats [106] , and a closed-loop gait control

system has been demonstrated in a cat [107]. Furthermore, a closed-loop approach
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targeting the peripheral nervous system has been shown for bladder control using
optogenetic methods in mice [108]. Different strategies have also been explored to
achieve a closed-loop control using frequency-modulated stimulation. Wenger et al.
presented a neuromodulation approach for gradual control of mammalian gait, by
targeting the spinal cord and recruiting the sensory fibers that elicit a leg reflex
movement [109]. Choosing an appropriate control approach can enhance fiber

selectivity, which is important to prevent eliciting undesired responses [6].

As an alternative to mammals, insects prove to be useful animal models for
fundamental research as well as educational purposes. Their nervous system is
simpler than that of mammals and allows for more precise targeting of the tissue.
Additionally, in vitro studies with insects permit the analysis and characterization of
their different subsystems, isolated from the influence of the rest of the body [110].
Insects have also inspired computational models to test various control strategies,
making them a versatile model [111-113]. While different approaches and electrode
designs have been proposed to interface with peripheral nerves in literature [114,
115], the small size of peripheral nerves limits their applicability in insects. For this
reason, many in vivo experiments carried out on insects attempt to close the loop by
directly applying electrical stimulation to the target muscles instead of the nerve

innervating them [110, 116, 117].

In this chapter, I demonstrate the control of a locust’s leg angle extension via a
feedback-loop strategy by directly stimulating one of the extensor motor nerves. A

nerve cuff is fabricated using a 3D-printed mold allowing rapid prototyping of the
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interface. The elicited leg movement is measured with a commercial flexible resistor
and controlled in real time using a train of digital-level voltage pulses implemented

with a microcontroller.

3.3 Materials and methods

3.3.1 Control loop design

Angle Error Pulse
Min ¢ Max | : Amplifier and | % Locust Locust
microcontroller nerve 6(t) leg
- > >
Angle . ’ Stimulus ﬁ
selector point

<

Feedback Flexible

resistor

Figure 3.1: Scheme of the implemented control loop. The angle set point is selected
and the measured leg angle subtracted from it to conform the error signal, which
is sampled by the microcontroller. A proportional control algorithm runs in the
microcontroller, varying the period of the stimulus signal applied on the nerve. The
leg angle is sensed with a flexible resistor to provide the feedback.

Figure 3.1 shows a scheme of the proposed control loop. It starts with the
selection of the desired angle set point. The feedback signal is then subtracted from
the set point signal to produce an error signal. We implemented the subtraction
with an operational amplifier (TL094, Texas Instruments, Dallas, USA) in a
differential configuration. Both signals are buffered with operational amplifiers in
voltage-follower configurations before subtraction and the amplitude of the feedback
signal is calibrated to match the amplitude of the set point signal. The error signal

is sampled using the internal analog—to—digital converter (ADC) of the
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microcontroller (nRF52840, Nordic Semiconductor, Oslo, Norway) at a sampling
rate of 10 ksps. We configured the microcontroller to generate a train of monophasic
pulses with a fixed pulse width of 100 ps and an amplitude of 3'V. The period of the
applied train pulses is modulated proportionally to the error signal. We limited the
duration of the pulses to 100 s to avoid redox reactions that could be generated due
to the large amplitude of the stimulation. The period of the output is calculated as
T = 250ms — A - e(t), where T is the output period, e(t) is the error signal in V,
and A is an amplification factor, which was empirically set to 0.36sV~!. The
output period is clipped to a minimum of 50 ms and a maximum of 250 ms. A
flexible resistor (ZD10-100, Fafeicy) attached to the leg using a 50-pm nylon string
measured the joint angle. A set of pulleys guide the string along a path that
increases the bending of the resistor with the joint angle and thus, increases the
error signal. The angle span goes from 0° to 90°, making the flexible resistor change

its impedance from 50 to 3 kS).

3.3.2 Electrode fabrication

We implemented a simple 3D fabrication approach that allows rapid prototyping of
cuff electrodes. The cuff electrodes were designed to fit the diameter of the targeted
nerve. First, we fabricated molds to shape the cuff into a cylinder. The layout for
the molds was designed using a 3D computer-aided design software (Fusion 360,
Autodesk, Inc., San Rafael, USA). We fabricated the molds with a commercial resin
(Detax Medicalprint Clear, 385 nm, Detax GmbH & Co. KG, Ettlingen, Germany)
using a stereolithographic 3D printer (MiiCraft 50X, MiiCraft, Hsinchu, Taiwan).

The mold was separated into top and bottom parts with a cylindrical cavity of
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Figure 3.2: PDMS cuff fabrication steps. (a) The mold for the cuff is 3D-printed
as two separated parts. After assembly, the two parts form a cavity with the desired
dimension of the cuff. (b) The molds are tightly screwed together, and a needle is
placed inside the mold to form the cuff’s lumen. PDMS is cast inside the resulting
tube-shaped cavity. (c) The excess air in the PDMS is removed by degassing in a
vacuum chamber and the PDMS is thermally cured. (d) After curing, the tube is
detached from the mold and the stimulation electrodes are inserted through the PDMS
tube. The cuff is then cut to a length of ~1 mm and opened along the tube to enable
nerve insertion. Finally, the exterior of the electrode is coated with parylene-C.

900 pm in diameter to cast the substrate of the cuff. Two orifices were included in

the top part of the mold for insertion of the cuff material and venting the air trapped
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inside the cavity during the pipetting process (Figure 3.2(a)). The molds further
included supporting structures to align a steel needle of 150 pm in diameter along the
cylindrical cavity, which formed the lumen of the cuff. After the mold was assembled
and the top and bottom parts were screwed together, the cuff material was pipetted
into the cavity with the needle in its center (Figure 3.2(b)). Silicone elastomer,
polydimethylsiloxane (PDMS, Sylgard 184, Dow Chemical, Midland, USA) at a 5:1
base-to-catalyzer ratio was used as cuff material to provide sufficient stiffness for
withstanding the latter insertion procedure with the nerve. We placed the mold with
the uncured PDMS into a low-pressure chamber overnight to remove the trapped
air and avoid the formation of bubbles in the PDMS. Subsequently, we cured the
PDMS in an oven at 80°C for around 8 h (Figure 3.2(c)). After curing, we detached
the PDMS tube from the mold and removed the needle. Two silver wires (127 pm in
diameter) were inserted through the tube so that the wire would only tangentially
touch the inner wall of the tube (Figure 3.2(d)). The wires were separated by
~500 pm from each other. Finally, the cuff was cut to a length of 1 mm and opened
along the side of the tube to provide access for the nerve insertion. We coated the
electrode with a 3-pm-thick layer of parylene-C to passivate the exposed wire outside
of the cuff using a chemical vapor deposition system (Plasma Parylene Systems
GmbH, Rosenheim, Germany). Inside the deposition system, dichloro-di(p-xylylene)
(Daisan Kasei, Japan) was first vaporized at 150°C and then pyrolyzed at 740°C
to generate chloro-p-xylylene monomer. The monomer was then deposited at room
temperature. Finally, we manually removed any traces of parylene insulation from

the active electrode sites inside the cuff.
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3.3.3 Electrochemical characterization of the electrodes

We performed chronoamperometry (CA) and impedance spectroscopy (EIS) to
characterize the electrodes inside the nerve cuff using a two-electrode configuration
vs. open circuit potential (OCP) (PalmSens4, Palmsens, Houten, The Netherlands).
Both measurements were done in locust’s saline solution (147 mmoldm™* NaCl,
10 mmol dm ™ KCI, 4mmoldm > CaCl,, 3mmoldm* NaOH, and 10 mmol dm >
HEPES buffer, Sigma Aldrich, St. Louis, USA) [118]. One electrode was set as
the working electrode and the other was set as the combined reference and counter
electrode. Voltage steps of 50mV, 1V and 3V were applied in the CA measurement,
after a stabilization period of 1s to OCP. The EIS measurement was performed
between 5 Hz and 500 kHz, with a sinusoidal signal of 10 mV of amplitude. Cyclic
voltammetry scans were applied between —1and 1V at 10mV s™! for 10 cycles to

precondition the surface of the electrodes before each CA and EIS measurement.

3.3.4 Surgery and nerve interfacing

Metathoracic
ganglion

(b)
Figure 3.3: (a) Locusta migratoria prior to the surgery in clay bed. (b) Scheme of
the metathoracic ganglion and the nerves innervating the hind leg. (c¢) Microscope
image of the surgical incision on the metathorax of the locust, showcasing the N5
immediately before insertion in the cuff electrode.
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We chose the insect Locusta migratoria for the experiments because it has a
relatively simple nervous system and opted for the tibiofemoral angle of the hind leg
as biomarker. The experimental unit consisted of an adult female. We controlled the
angle by stimulating the fast extensor tibiae motoneuron (FETi). This neuron has
its soma and dendritic branches in the metathoracic ganglion and projects its axon
into the nerve 5 (N5). Prior to the surgery, we anesthetized the locust by chilling it
to 2°C for around 30 min. Then, we placed it in a holder made of modelling clay
with the ventral side facing upward, as shown in Figure 3.3(a). For the surgery, we
removed the cuticle of the metathorax and carefully cut the muscles attached to it, to
expose the metathoracic ganglion (Figure 3.3(b)). Next, we removed the air sacs and
the trachea to reveal the desired nerve, which innervates the metathoracic legs. With
the aid of a micromanipulator, we slid N5 into the cuff electrode (Figure 3.3(c)). The
electrodes were used to stimulate the FETi by delivering the appropriate pulses at a
frequency determined by the controller. Finally, we connected the electronic setup
and recorded the set point, the error signal, and the pulse train using an oscilloscope
(InfiniiVision DSOX2024A, Keysight, Santa Rosa, USA). As angle set points we
applied step and ramp functions to characterize the response of the locust movement
to different stimuli conditions. In addition, we captured the displacement of the
leg on video and extracted the extension angle using image processing (MATLAB
R2020b, Mathworks). To this end, the algorithm determined the geometric center of
the leg for each frame and calculated the angle via the difference between the center
points of each frame and the center point of the first frame, with the tibiofemoral

joint as the origin.
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Figure 3.4: Electrochemical characterization of the custom-made cuff electrodes in
saline solution. The characterization was performed in a bipolar configuration between
the two stimulation electrodes in the cuff. (a) Chronoamperogram for three different
voltage step amplitudes. (b) Impedance spectroscopy analysis exhibiting a combined
impedance of ~1.4k) @ 1kHz.

3.4.1 Electrode characterization

We characterized the electrodes before their implantation using chronoamperometry
and impedance spectroscopy. Figure 3.4(a) shows the results of chronoamperometry
applying voltage steps ranging from 50 mV to 3V. As expected, the current response
scales with the amplitude. For a voltage step of 50 mV we observe a capacitive spike
in the range of tenths of pA. Afterward, the current quickly decays to 0 pA due to
the negligible impact of Faradaic contributions at such a low voltage. For higher
voltages we observe a more pronounced contribution of the Faradaic current. At
a voltage step of 3V, the capacitively induced exponential current decay is only
dominant during the first 10 ms. Afterwards we observe a slower decay, which is

likely caused by effects of diffusive mass transport limiting the Faradaic current.
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To minimize possible aversive effects due to the presence of Faradaic reactions, we
fixed the pulse width to 100 ps, where the capacitive contribution to the current
is dominant. Reducing Faradaic reaction in in vivo implementations is important,
as both DC currents and the species produced electrochemically at the electrode
can damage the nerve tissue [119]. The EIS results are shown in Figure 3.4(b),
showcasing an absolute impedance of both electrode—electrolyte interfaces in series

around 1.4k at 1kHz.

3.4.2 Control strategy

Figure 3.5(a) shows the results for the 10 trials of the voltage step stimulation and
Figure 3.5(b) for the 5 trials of the voltage ramp stimulation. The set point signal
for Figure 3.5(a) was given by a ~2V step function. As a guiding value, we related
this voltage level to an angle of 75° estimated from the mean angle in the
experimental results. The change in the set point produced an error signal that was
encoded into a stimulation rate via the microcontroller. The limb reacted to the
change of stimulation rate and produced an extension of the locust’s leg captured by
video recordings. The mechanical response was additionally sensed by the flexible
resistor, increasing the feedback and decreasing the error signal. As expected, this
led to an initial error maximum, due to the inertia of the leg movement. This
abrupt transient can be mitigated by the incorporation of a derivative factor in the
control loop. Additionally, the steady-state error can be eliminated by the
incorporation of an integrative factor. The delay between successive stimulation
pulses is maximum when the error signal is minimum and decreases abruptly at the

step onset instant. In addition to the step response, we analyzed the closed-loop
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stimulation of the locust’s leg to a continuously varying control signal in form of a
cyclic ramp. The signals for the ramp stimuli are presented in Figure 3.5(b) (shown
as b traces of 2 ramp cycles). The individual signals were obtained as previously
described for the step response. As we can see in Figure 3.5(b), the locust’s leg
followed the ramp control signal repetitively. Interestingly, an asymmetry between
extension and flexion of the leg was observed in the experiment. The extension
followed the control signal with a steeper response. Furthermore, an oscillation was
evident at low angles (flexion state). These results can be explained by the chosen
configuration for rate-based stimulation of the extensor nerve. At very low
frequencies, we observe the response to individual pulses, which deviate the leg from
the flexion state, which is not directly controlled by stimulation in our experiments.
Furthermore, the flexion of the leg and return to resting position is determined by
the tendon of the tibiofemoral joint and the intrinsic neural activity and reflexes of
the locust. To achieve more precise control of the leg position, both the flexor and
extensor nerve should be controlled independently and the natural feedback

mechanisms suppressed.

We analyzed the correlation between the frequency (computed as the inverse of
the inter-pulse delay) and the angle of the leg for the voltage ramp experiment.
Figure 3.6 shows the scattering of the angles corresponding to different frequencies.
Two linear clusters can be identified, one corresponding to the flexion and the other
to the extension of the leg. The separation of the same trajectory in two different
clusters might be explained by feedback signals on the flexor nerve, which possibly

depend on the previous state. The results demonstrate that it is possible to control
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Figure 3.5: A set point voltage is applied to determine the desired angle of the
leg. The error between set point and feedback signals is converted into a stimulation
pulse pattern (red), and a corresponding inter-pulse delay. The stimulation pattern
triggers a response in the leg angle, which is extracted from video recordings. In (a)
the black traces show 10 repetitions of the same experiment, whereas in (b) they
show b5 repetitions of the same experiment. The thicker black traces correspond to the

indicated pulse pattern.

the angle of a locust’s hind leg using a simple, closed-loop stimulation strategy. In
particular, the control was achieved using short voltage pulses and varying the delay
between them. Fast pulse-generation devices can be implemented using simple
commercial microcontrollers, which offer configurable outputs for multisite

stimulation and are easily accessible. Furthermore, fast pulses are advantageous
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because they allow a large proportion of the current to be capacitive instead of
faradic, thus decreasing the occurrence of redox reactions, which could be harmful

to the surrounding tissue [120].

Multiple aspects could be advanced to improve the precision of this intervention
in future implementations. Most importantly, a single stimulation site and a simple
proportional control strategy limit the degree of precision that can be achieved.
Consequently, multisite selective stimulation of a single nerve or coordinated
stimulation of different nerves is paramount for precise control using this concept
[121, 122]. Another important factor for reliable control is the transducer. In this
work, we opted for an ink-based flexible resistor, because we wanted to minimize the
mechanical load on the leg. However, the nonlinear response of the chosen
transducer influences the control strategy. Other angle transducers, such as
potentiometers, could represent a very high mechanical load for the leg of the locust,
thus interfering with the free movement. A low-friction rotary encoder with an
analog-voltage output or more advanced thin-film flexible resistors could be the best
compromise between precision and mechanical load. Finally, while a proportional
control strategy sufficed for our purposes, more complex strategies would bring
additional benefits, such as the absolute elimination of the error signal with the
addition of an integrative factor in the control loop. The demonstrated concept of
controlling a variable in a non-fully characterized system might be applied to other
systems such as the degradation of fat into heat by stimulating nerves innervating

adipose tissue and monitoring its temperature as control parameter.
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Figure 3.6: Scatter plot of the angle of the leg versus the frequency of stimulation,
computed as the inverse of the inter-pulse delay, for the voltage ramp experiment. The
upper cluster (red) represents the trajectory of flexion of the leg, whereas the lower
cluster (black) represents the trajectory of extension of the leg. The linear fits are
computed using the method of least-squares.

3.5 Conclusions

In this chapter, I demonstrated a closed-loop stimulation system to control the angle
of extension of a locust’s leg in real time by stimulating its extensor nerve with custom
cuff electrodes. The system is implemented by a microcontroller that generates a
rate-coded stimulation signal, and a flexible resistor provides the feedback signal.
The results show that the average leg angle can be controlled using a time-dependent
input and a stimulation signal between approximately 4 and 20 Hz. However, the
presented model remains simple and limited for stimulation as it only comprises
two electrodes. In the following chapters, I evaluate more complex devices, novel

fabrication techniques and their performance for stimulating and recording.



CHAPTER 4

3D-printed nerve cuffs

The chapter was reproduced in part with permission from Francisco Zurita, Leroy
Grob, Amelie Erben, Fulvia Del Duca, Hauke Clausen-Schaumann, Stefanie Sudhop,
Oliver Hayden and Bernhard Wolfrum. I was responsible for the design of the elec-
trodes, in vivo experiments and data analysis. The original publication “F. Zurita et
al., Fully 3D-Printed Cuff Electrode for Small Nerve Interfacing. Adv. Mater.
Technol. 2022, 2200989. https://doi.org/10.1002/admt.202200989.” is available on
https://onlinelibrary.wiley.com/doi/full/10.1002/admt.202200989/, doi:

10.1002/admt.202200989.

4.1 Preamble

Interfacing with the peripheral nervous system is a powerful method for diagnosing
and treating several diseases, such as drug-resistant epilepsy and depression. In most
clinical applications, large nerves such as the vagus and the hypoglossal nerve are
targeted. Large nerves carry multiple nerve fibers, and maintaining selectivity of a

specific target response demands complex stimulation strategies. As the large trunks
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bifurcate toward their distal ends, their diameter and number of comprised fibers
reduce. Consequently, interfacing small nerves can provide increased fiber selectivity.
However, their small size presents challenges to the fabrication and implantation
of suitable electrodes due to their fragility and constrained environments. Here, a
cuff electrode that combines two-photon stereolithography and 3D inkjet printing
techniques for the selective interfacing of small nerves in vivo is introduced. The
device is easy to implant, and its size can be tailored for specific nerve dimensions.
Its capability to record and selectively stimulate is demonstrated by targeting a

locust’s hind leg nerve.

4.2 Introduction

As stated previously, nerves comprise multiple axons, which makes selective
interfacing challenging. Invasive intra-neural interfacing methods achieve a higher
selectivity by placing the electrodes inside the nerve [52, 123, 124]. However, such
invasiveness can lead to foreign body reactions, which are problematic for long-term
implantations [125]. Extraneural electrodes, such as the one presented in the
previous chapter, interface with the nerves without penetrating them but have a
reduced spatial resolution, as they are only in contact with the surface of the nerve
[126, 127]. This limitation is especially critical for the most widespread applications
of PNI, such as healthcare and movement restoration, which commonly target the
larger nerves of the body that comprise multiple nerve fibers, and their stimulation
often elicits undesired side effects [128]. Different approaches and techniques have
been developed to increase fiber selectivity during nerve stimulation [129].

Increasing the number of electrode sites is a common strategy to partially overcome
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these limitations [30].

A complementary method to increase selectivity and limit undesired side effects is
to interface smaller nerves comprising fewer axons. While the custom-made cuff
electrode approach presented in the previous chapter was simple and successful, the
final size of the electrode was much larger than the interfaced nerve. Furthermore, it
featured only two active sites, which are suboptimal for selective interfacing. As
small nerves in humans can scale down to double-digit micrometers, materials and
techniques used to fabricate electrodes have to be refined in size, flexibility, and
stiffness to ensure the vitality of these delicate structures during interfacing [28, 129].
Commercially available cuff electrodes can interface with small nerves in the range
of 100pm in diameter and below (e.g., CorTec GmbH, Freiburg, Germany,
MicroProbes, Gaithersburg, MD, USA). However, the overall dimension of these
devices is usually much larger due to fabrication constraints (around 10x for inner
diameters of 100 pm), which often proves inconvenient for implantation due to space
restrictions. In addition to size, the difficulty of interfacing is a common practical
limitation. Most cuff electrodes require buckling or stitching the structure around

the nerve, which often demands a high degree of skill from the practitioner.

The fabrication of suitable cuff electrodes has been enhanced in the last years
with the incorporation of additive manufacturing technologies to rapidly prototype
cost-effective novel devices and sensors. As a result, 3D-printed microscale devices
have been fabricated for electrical stimulation [130]. In particular, two-photon

stereolithography (TPS) is one of the few techniques that is capable of fabricating



60 Chapter 4 3D-printed nerve cuffs

free-form structures at sub-micron accuracy [131, 132]. Previous studies on
TPS-fabricated devices for electrical stimulation include alignment tools to assemble
carbon fiber electrodes, microscaffolds for drug loading accompanying flexible
electrode arrays for cochlear insertions, free-standing microelectrodes with carbon
electro-active surfaces, as well as electrode-laden nanoclips capable of interfacing
with nerves > 50 pm in diameter [27, 133-136]. These studies have achieved the
measurements of spontaneous multiunit activity, stimulation-evoked compound
responses, auditory brain stem responses, in vivo dopamine response, and nerve

activity [137].

This chapter proposes an additively manufactured, multichannel cuff electrode
for interfacing with micrometer-sized nerves that can stimulate and record neural
activity. We combine inkjet-printed 3D microelectrodes and TPS-printed 3D cuffs
to produce the interfacing devices. Our 3D microelectrodes function as active
sites, while 3D-printed cuffs provide mechanical attachment to small nerves. In
contrast to previous devices that combine photolithographic methods with TPS,
inkjet printing permits rapid prototyping of 3D electrodes by reducing the number
of fabrication steps and the lack of need for a cleanroom. Additionally, we show
the stimulation and recording capabilities of the proposed electrode in a locust
model. This multisite design can evoke different neural responses when used with

the appropriate stimulation patterns.
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Figure 4.1: Electrode fabrication process of the proposed cuff electrode. (a), (b)
Printing of the feedline connectors. (c), (d) Printing of the 3D microelectrodes via
successive deposition of Ag nanoparticle ink droplets on top of each other. (e), (f)
Deposition of the insulation layer covering the feedlines. (g), (h) Fabrication of the
3D nerve cuff via two-photon stereolithography.
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4.3 Materials and methods
4.3.1 Inkjet-printed 3D microelectrode arrays

3D microelectrodes were printed on a 50-pm-thick polyethylene naphthalate (PEN)
film (Teonex Q65HA, DuPont Teijin Films, Wilton, UK), using a silver nanoparticle
ink (Silverjet DGP 40LT-15C, Sigma-Aldrich, St. Louis, MO, USA) with an inkjet
printer (CeraPrinter F-Series, Ceradrop, Limoges, France). Before printing, room
temperature Ag nanoparticle ink was sonicated (Bransonic ultrasonic cleaner
5510E-MTH, Branson ultrasonics, Danbury, CT, USA) for 20 min, filtered using a
poly(vinylidene fluoride) filter (GD/X, Whatman, Maidstone, UK; pore size:
0.21m), and filled into a disposable 1 pL cartridge (DMC-11601, Fujifilm Dimatix,
Santa Clara, CA, USA). The waveform applied to the piezoelectric actuator has
been previously described [138]. The sample stage and the nozzle plate were held at
60 and 55 °C, respectively. The feedlines for the 3D microelectrodes were printed
with an ejection frequency of 1kHz, a drop spacing of 40 pm, and an individual Ag
nanoparticle droplet diameter of ~60pm on the PEN film (Figure 4.1(a),
Figure 4.1(b)). 1000 droplets of Ag nanoparticle ink (~250 pm height) were used to
form the 3D microelectrodes using a moving printed head (continuous printing
method), with a drop-to-drop time interval of 3.75s (Figure 4.1(c), Figure 4.1(d)).
Once printed, the Ag nanoparticle ink was dried on the sample stage and thermally
sintered in a preheated oven at 220 °C for 2h. In order to not induce thermal stress,
the sides of the PEN foil were taped (Kapton tape, VWR, Darmstadt, Germany) to
a glass petri dish and slowly cooled down to room temperature after sintering for

2h.
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4.3.2 Printing the passivation

After sintering the 3D microelectrodes, an ultraviolet (UV) curable acrylate ink
(PA-1210-004, JNC Corporation, Tokyo, Japan) was used to passivate the feedlines
whilst allowing the 3D microelectrodes to protrude through the insulation layer
(Figure 4.1(e), Figure 4.1(f)). Before printing, the UV curable acrylate ink was filtered
through a 0.22 pm polyethersulfone (PES) filter (TPP, Trasadingen, Switzerland),
loaded into a 1pL cartridge (DMC-11601, Fujifilm Dimatix, Santa Clara, CA, USA)
and covered with Al foil to protect the ink against light. Individual sensors were
placed and held on the printer’s substrate holder. In the print layout, a 20 pm spacing
around the 3D electrodes was defined to ensure that the electrode structures were
not covered in passivation ink. A single nozzle was used with the same waveform
previously applied for the Ag nanoparticle ink during the print. The single nozzle was
manually aligned with the 3D microelectrodes using the printer’s on-board camera. A
two-step passivation process was established without any O, plasma activation using
a heated nozzle plate (40°C) and sample stage (50°C). The first layer comprised
of individual droplets of cured acrylate ink (diameter ~50 pm) spaced evenly with
a pitch of 100 pm. Thereafter, a layer of acrylate ink was printed with an ejection
frequency of 1kHz and a drop spacing of 32.5 pym. Lastly, the ink was cured using

an inbuilt UV lamp with an approximate dose of 1.Jcm™2.

4.3.3 Two-photon stereolithographic cuff printing and laser cutting

All cuffs were designed with Fusion 360 (Autodesk, 2020), exported as STL files, and
converted to print job instructions using Describe. The inkjet-printed 3D

microelectrodes were aligned and selectively exposed with an erbium-doped
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femtosecond laser source (center wavelength 780nm) using Nanoscribe GT
Photonics Professional operating in dip-in mode (Figure 4.1(g), Figure 4.1(h)).
Power amounted to 150 mW using a 25x (NA 0.8) objective. Cuffs were printed
using IP-S resin (all Nanoscribe GmbH, Karlsruhe, Germany). After printing with
the two-photon stereolithographic printer, a 3-axis UV laser marker (MD-U1000C,
Keyence, Osaka, Japan) was used to cut the cuff sensor along the already predefined
silver outlines. The laser was set to 1.5 kW, with a shutter frequency of 100 kHz,
and writing at a speed of 100 mms~!. The outline was etched with the laser for a
total of 100 repetitions. The substrate was aligned and focused using the on-board

Keyence software.

4.3.4 Electrochemical characterization of cuff sensors

Electrochemical impedance spectroscopy was performed to characterize the 3D
microelectrodes using a potentiostat (VSP-300, Bio-Logic Science Instruments,
Seyssinet-Pariset, France). Locust’s saline solution (147 mmoldm > NaCl,
10 mmoldm ™ KCl, 4mmoldm ™ CaCl,, 3mmoldm > NaOH, and 10 mmol dm ™
HEPES buffer, Sigma Aldrich, St. Louis, USA) was used as the electrolyte [118].
The measurements were carried out in a two-electrode setup. The individual 3D
microelectrodes were set as the working electrode, and either a Pt mesh or another
3D microelectrode was used as a combined counter and reference electrode. No bias
voltage was applied against the open circuit potential (E,.) during the experiments.
A sinusoidal waveform with an amplitude of 10mV vs E,. was applied to measure

the impedance of the electrodes over a frequency range of 10°-10° Hz.
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Figure 4.2: Experimental setup used to record the movement of the leg during
stimulation. The subject Locusta migratoria was placed ventral face up. The N5
was exposed and interfaced with the cuff electrodes using a micromanipulator. The
electrode was interfaced to an INTAN headstage, connected to an INTAN controller,
which in turn was connected to a PC. A camera, connected to the same PC, was used
to record the leg movement, and extract the tibiofemoral angle 6 (¢).

Locusta migratoria  Webcam

4.3.5 Nerve interfacing

Adult male and female locusts (Locusta migratoria) were used for the in vivo
experiments. Since the study was conducted exclusively with locusts (insects), no
special permission is required in Germany. All experiments comply with the German
laws for animal welfare (“Deutsches Tierschutzgesetz”). Before the surgery, the
locusts were anesthetized by cooling them down to ~2°C for 30 min. Afterward,
they were placed ventral side up on a modeling clay bed under a microscope. The
cuticle of the metathorax and the air sacs below it were removed to expose the
metathoracic ganglion and the N5, a nerve comprising the fibers responsible for the
fast extension of the hind tibia. Then, locust’s saline solution was applied to the
thoracic cavity to prevent the nervous tissue from drying during the procedure.
Next, with the aid of micromanipulators, the cuff electrode was approached, and the

nerve was inserted into it. The contact pads of the electrodes were interfaced to a
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4-pin zero insertion force (ZIF) connector (Wiirth Elektronik GmbH & Co. KG,
Germany). This connector bridged the electrodes to an INTAN RHX control system,
using the RHS2116 headset (INTAN Technologies, USA) to stimulate and record
activity from the nerve. A schematic of the experimental setup is shown in

Figure 4.2.

The first stimulation protocol consisted of trains of charge-balanced biphasic
current pulses of 1kHz, with an amplitude of 60 pA and a duration of 500 ps per
phase. Opposite current pulses were applied simultaneously to two microelectrodes
every 1s, and the number of pulses per train was increased from 5 to 20 in steps of
5. For this protocol, the stimuli were driven between every combination of two
individual electrodes, one with a leading cathodic phase and the other with a
leading anodic phase. The second stimulation protocol consisted of 1kHz trains of
biphasic current pulses with an amplitude of 30 pA (all other parameters stayed the
same). The stimuli were driven between every combination of two pairs of
electrodes, one pair with a leading cathodic phase and the other pair with a leading
anodic phase. In both protocols, the total stimulation current is preserved (i.e., 1
electrode with 60 pA or 2 electrodes with 30 pA at each phase), and the magnitude
of the current per phase, cathodic and anodic, was equal at any given time, to drain
all the current that was sourced. The elicited movement of the leg for both

protocols was recorded on camera, and the tibiofemoral joint angle was estimated

using MATLAB (MATLAB 2020b, MathWorks, USA).

Finally, neural activity of the N5 was recorded from all channels at 30 ksps. The
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recording setup consisted of the microelectrodes interfacing the nerve on one side of
the metathorax and a Ag/AgCl electrode set as the reference electrode positioned in
the abdomen of the subject. To elicit neural activity, two insect pins were inserted
at the distal end of the femur separated ~1 mm from each other, and delivered a
~6ms, 2V pulse between them every 2s. The acquired signals were subsequently
processed using MATLAB. A second-order high-pass Butterworth filter with a cutoff
frequency of 100 Hz was applied in the forward and backward direction, to remove

low-frequency noise without phase distortion.

4.4 Results and discussion

Peripheral nerve interfacing is often performed in large nerves in mammals, such
as the sciatic nerve of rats () ~1 mm). However, small-nerve interfacing requires
the implementation of an equally small interfacing electrode, which presents two
challenges: the fabrication of the small electrode and a delicate interfacing procedure.
Therefore, we developed a small cuff electrode with a straightforward interfacing
mechanism, depicted conceptually in Figure 4.3(a). With this design, the interfacing
is accomplished by simply sliding the nerve inside the cuff opening. Furthermore,
we demonstrate the capability of our device to interface insect nerves of ~150 pm in
diameter in only ~1 mm of nerve length (Figure 4.3(b)). Figure 4.3(c)-Figure 4.3(e)
shows scanning electron microscope images of the cuff electrode devices, showcasing
the electrodes (yellow false-colored), the 3D-printed cuff, and the cavity to insert the

nerve. They present an estimated geometric surface area of ~0.02 mm?.
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Figure 4.3: Nerve interfacing with the 3D-printed cuff electrode. (a) Concept image
of a nerve with three axons, interfaced with our designed cuff electrode. The nerve is
only shown along half the length of the cuff electrode for a better view of the axons
and 3D microelectrodes. (b) Microscopy image of the cuff electrode wrapping around
a nerve (N5) of a locust. (c)—(e) Tilt-corrected scanning electron microscope images
of the fabricated cuff electrode. A substrate tilt of 45° (d), (e), and 70° (c) were used
to image the cuff electrode. The 3D electrodes have been false-colored in yellow for
clarity. All 3 images were taken using an accelerating voltage of 15kV.

4.4.1 Electrochemical characterization of the electrodes

Impedance measurements were conducted in locust Ringer solution to investigate
the electrochemical behavior of the printed electrodes for stimulation. The
measurements were performed in a two-electrode configuration to characterize the
impedance of the system as a whole. First, we evaluated the performance of each

individual electrode against a platinum electrode serving as combined counter and
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Figure 4.4: Electrochemical impedance spectroscopy characteristics of the electrode.
(a),(c) Magnitude and (b),(d) phase of the impedance of differently configured 3D
electrodes in locust saline. Averaged impedance data between 3D electrodes and a Pt
mesh in (a) and (b) (n = 16). Averaged impedance data between two 3D electrodes
measured against each other in different configurations in (c) and (d) (n = 3 - 5).

reference electrode. The exposed surface of the counter electrode was several orders
of magnitude larger than the actual working electrode to avoid significant voltage
drops in the two-electrode configuration. Afterward, we repeated this measurement
between individual electrodes, since the stimulation signal is applied in this
configuration. Figure 4.4(a), Figure 4.4(b) shows the impedance between each
individual 3D electrode and a combined counter and reference Pt mesh electrode,
showcasing an impedance magnitude of ~30k2 @ 1kHz. Figure 4.4(c), Figure 4.4(d)
shows the impedance between two individual 3D electrodes, one set as the working
electrode and the other as the combined counter and reference electrode. The

impedance between individual electrodes increases by a factor of ~2 compared to the
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first setup, which is expected as the Pt mesh electrode presents a lower impedance

due to its larger surface area.

4.4.2 Stimulation results
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Figure 4.5: Tibiofemoral joint angle span elicited through electrical stimulation.
Different electrode combinations were used, with a leading cathodic phase (red), a
leading anodic phase (light blue), and inactive electrode (black). The red arrow
indicates the proximal-to-distal direction of the nerve relative to the electrodes. The
stimulation current was a sequence of bipolar pulses in succession starting at t = 0,
shown in (a) and (c). (a), (b) The stimulus is a bipolar current pulse train of 60 pA
of amplitude and 500 ps pulse duration between two individual electrodes. The number
of delivered pulses ranges from 5 to 20, and each trace shows the mean and standard
deviation of 20 stimulation events. (c) The stimulus is a bipolar current pulse train of
30 pA of amplitude and 500 s pulse duration between two pairs of electrodes. For this
last scenario, movement was elicited when both phases were on adjacent electrodes.
For all other combinations of pairs of electrodes, no movement was elicited.

The N5 is a nerve that comprises fibers responsible for the fast tibiofemoral angle
extension of the locust’s hind leg in movements like jumping and kicking. We

interfaced our cuff electrodes with this nerve to validate its stimulation capabilities.

The elicited motion of the hind leg of the locust was captured on camera.

Initially, we investigated the influence of the number of stimulation pulses on

the observed leg extension using only 2 out of the 4 individual electrodes to assess



4.4 Results and discussion 71

movement using the simplest electrode configuration. In this configuration, the
biphasic stimulation threshold that needs to be delivered to perceive movement was
found to be 24 pA, 500 ps phase duration, which corresponded to a light twitching
movement. To reliably elicit measurable leg extension, we applied a stimulus signal
using a train of 1kHz, 60 pA biphasic pulses (3 mA mm™2 estimated current density).
Each phase was 500 ps long, and each train comprised 5 to 20 individual pulses.
The pulse trains were delivered every 1s, at t = 0. The response to the different
stimulation patterns is depicted in Figure 4.5(a) and Figure 4.5(b). The movement
traces corresponding to other combinations can be found in Appendix E. Each trace
exhibits the mean and standard deviation of the angle variation of the tibiofemoral
joint of the leg elicited by the stimulation signal (nyepetition = 20). The electrodes
used are shown in red (leading cathodic phase) and light blue (leading anodic phase).
The unused electrodes are shown in black. The 6 possible combinations were tested,
and leg movement was elicited in all of them. While the initial angle varied within
the experiment, we observed a tendency for lower maximum leg extension and faster
retraction when applying only 5 pulses as opposed to higher pulse numbers. We
further investigated the influence of pairing different electrodes on the elicited leg
response using four stimulation electrodes simultaneously. To assess the geometric
influence of the electrode configuration on the elicited movement response, always
two electrodes were set on the same phase while all electrodes delivered the same
stimulating current magnitude. Each electrode delivered 1kHz, 30 pA biphasic
pulses to keep the total delivered current per phase the same as in the previous
experiment (1.5 mA mm~2 estimated current density). Figure 4.5(c) shows the result

for a combination of both leading cathodic (“C”) and anodic (“A”) phases on the
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same end of the cuff electrode (“AACC”). A similar result was achieved by inverting
the leading phases for this case (“CCAA”). However, for all other combinations
of “C” and “A”, no movement was elicited. To exclude the possibility that the
lack of absolute injected charge causes the absence of a response, we increased the
number of pulses up to 100, to no avail. However, an increase in current amplitude
to 35 pA and, therefore, an increased charge per phase, elicited leg movement again
with only 5 pulses. Further increasing the current amplitude decreases the elicited
angle span because the average final position of the leg approaches its full extension.
This phenomenon can be attributed to the stronger depolarization caused by tetanic
contraction, making the contraction last longer [139]. While both stimulation
protocols (using 2 or 4 electrodes) delivered the same charge, movement could not be
elicited for some combinations, suggesting that the electrode configuration influences

the stimulation pattern.

4.4.3 Simulation of activating function

To investigate the influence of the electrode configuration on the activating function,
we performed finite element method simulations with COMSOL Multiphysics
(COMSOL AB, Stockholm, Sweden). The activating function f, for extracellular
nerve stimulation along the fiber length coordinate x is proportional to the second
spatial derivative of the extracellular potential along the fiber f, oc d*V/dz? [140].
Since the electric field is related to the electric potential by E = —VV, the
activating function can be expressed as f, o< —dFE,/dz. In the following, we refer to
the normalized activating function f, , = —dE,/dz , disregarding the proportional

factor because we are only interested in a comparative analysis. Given a medium
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with conductivity o, the electric field E is related to the current density j following
Ohm'’s law j = oE. Therefore, the applied stimulation current modulates the electric
field and, consequently, the activating function along the nerve. The microelectrodes,
the 3D-printed nerve cuff, and locust saline solution were modeled using material
properties of Ag (0 = 6.3 x 10"Sm™!), insulating material, and PBS electrolyte
solution (¢ = 1.52Sm™'), respectively. The nerve was modeled as a cylinder (r =
80pm, o = 0.57Sm™! in the direction along the axon, 0.083Sm™! in the other two
directions) surrounded by a nerve sheath (d = 10pum, ¢ = 2.1 x 1073Sm™!), as
shown in Figure 4.6(a) [141]. The nerve comes in contact with the electrode at a
height where the horizontal (zy) plane crosses the center of the nerve. Further

information on the simulation conditions can be found in Appendix F.

The longitudinal component of the electric field E, was computed for two electrode
configurations, CCAA and CACA, where again “C” stands for a cathodic stimulation
pulse, and “A” for an anodic stimulation pulse. Figure 4.6(b) and Figure 4.6(c) show
E,, on a plane parallel to the base of the cuff that cuts through the middle of the nerve
for CCAA and CACA, respectively (top view). It can be seen that FE, reaches higher
values for CCAA than for CACA, suggesting that the electrode phase influences E,.
Then, we computed E, and the activating function along the center of the nerve for
CCAA and CACA, and the results are shown in Figure 4.6(d) and Figure 4.6(e),
respectively. The activating function has a higher amplitude for CCAA than for
CACA, suggesting that the CCAA configuration is more likely than the CACA
configuration to elicit a neural response given the same stimulation amplitude, which

is in line with the observed behavior. Furthermore, the obtained activating function
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values for comparable injected charge are similar to those reported in the literature
[142]. These results suggest that spatial selectivity is possible by modulating the

stimulation current and generating the desired activating function.

4.4.4 Recording of neural activity

The N5 comprises nerve fibers that convey sensory information to the metathoracic
ganglion (afferent) or motor signals from the ganglion to the leg (efferent). We
elicited movement and recorded activity of the nerve on all electrodes to validate the
ability of our device to detect electrophysiological signals. The average noise floor of
all channels was 11.711V,s. The acquired neural signals presented a phase delay
between electrodes, only found in two combinations: from chl to ch4 and from ch4
to chl (chl being the most proximal electrode to the ganglion and ch4 the most
distal). Since no other phase combination was found, we believe this lag can be
attributed to the propagation velocity of both efferent (chl to ch4) and afferent (ch4
to chl) neural signals. Figure 4.7 shows the mean and standard deviation for 50
occurrences of each signal propagation event. These results demonstrate our cuff
electrode’s capability to distinguish between afferent and efferent nerve fiber activity.
Given the time difference between the peak of the pulses from channels 1 to 4, and
knowing that the distance between them corresponds to 768 pm by design, we

I standard deviation.

estimated a mean conduction velocity of 3.47 and 0.88m s~
Furthermore, the delay estimation does not distinguish between individual nerve
fibers, which means that the spikes recorded could correspond to compound action

potentials (CAPs). CAPs comprise multiple fibers’ activity and last longer than

individual action potentials, which could introduce errors when estimating the
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propagation velocity. Conduction velocities previously reported in the literature on
motor fibers found in the crural nerve of the locust range from 1.6 to 2.3ms™" [75].
To the best of our knowledge, there are no reports on localized conduction velocity
of the N5 at a close distance to the ganglion. Phase measurements could be used, for
example, for the detection or evaluation of neurodegenerative diseases that affect the
action potential propagation velocity along the nerve, like multiple sclerosis, or to

extract features to increase the recording selectivity using neural networks [25, 143].

Although we were able to record neural activity with our device, the SNR
achieved is low due to the imperfect electrical sealing of the individual electrodes
[144, 145]. This incomplete sealing derives from the unsuccessful polymerization of
the resin at the interface of the individual electrodes, and it occurs when the laser
used for two-photon stereolithography is focused in their vicinity. This effect is most
likely due to the absorption characteristics of Ag (between 350 and 500 nm) at the
laser’s wavelength (780 nm), which results in a reflection of the light. This reflection
results in an overexposure of the resin, creating bubbles that prevent its correct
polymerization. To improve the electrode sealing, a non-metallic conductor, such as
PEDOT:PSS, could be used as the material for the 3D microelectrodes [146, 147].
This material would potentially improve the polymerization around the 3D
microelectrodes, given its energy absorption characteristics at wavelengths above
310nm [148]. Furthermore, a PEDOT:PSS coating would reduce the electrode
voltage generated during stimulation, preventing the occurrence of undesired

electrochemical reactions [149].



76 Chapter 4 3D-printed nerve cuffs

The importance of proper sealing for nerve interfacing becomes clear when we
compare our device with standard hook electrode recordings (see Figure G.1 in
Appendix G). Pulling the nerve out of the hemolymph with Ag hook electrodes,
typically results in an improvement of both, stimulation and recording, due to the
reduction of leakage current through the external electrolyte. However, when the
hook electrodes are immersed in the electrolyte (comparable to an in vivo
configuration), the stimulation and recording performance degrades drastically due
to a lack of electrical insulation between the electrodes. In such a configuration, no
action potentials were visible during recording with immersed hook electrodes.
Similarly, in Chapter 3 we interfaced the N5 with custom Ag electrodes within a
silicone cuff. While stimulation was possible with such a device, recording of activity
was not successful, probably due to an insufficient sealing at the planar Ag electrode
surface. In contrast to the hook electrode and planar cuff electrode, the printed 3D
cuff electrode device was able to stimulate and record from the N5 when immersed

in the electrolyte.

Future improvements should address concepts for fast implantation procedures
without risking damage to the nerve structure as well as possibilities for long-term
application. Although Ag is widely used in electrophysiological measurement, it is not
recommended for long-term use, due to known biocompatibility issues. A potential
improvement in this regard could be gained by electroplating the 3D electrodes with
Au or Pt or conductive polymers, such as PEDOT:PSS, which has been shown to

achieve low cytotoxicity and high electrochemical stability [138, 150].
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Figure 4.6: Finite-element-method simulations of the electric field and activating
functions for two electrode configurations. (a) Top view of the simulated elements on a
plane cutting through the middle of the nerve, perpendicularly to the microelectrodes.
E, component of the electric field for (b) CCAA and (c) CACA configurations. E,
component and activating function along the center line of the nerve (y = 0) for (d)
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Figure 4.7: Mean and standard deviation for 50 compound action potential events.
(a) The phase of the channels leads in proximal (chl) to distal (ch4) direction, hinting
activity from efferent nerve fibers. (b) The phase of the channels leads in distal (ch4)
to proximal (chl) direction, hinting activity from afferent nerve fibers.
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4.5 Conclusions

In this chapter, I presented a novel, entirely additively-manufactured, 3D cuff
electrode for small nerve interfacing. The individual electrodes are made of
inkjet-printed Ag, whereas the cuffing mechanism is 3D-printed around the
electrodes using two-photon stereolithography, offering a straightforward mechanical
attachment with the nerve. I demonstrate successful stimulation and recording of a
locust nerve involved in the fast tibiofemoral joint extension. Different combinations
of electrodes, stimulation amplitude, and phase can be used to elicit different
movement patterns on the animal’s leg. Furthermore, the device can determine the
direction of propagation of neural activity along the nerve by analyzing the phase of
the recorded signals. 1 believe this technique could be useful for the rapid
development of custom-sized nerve interfaces and be applied in implantable
therapies that require modulation or monitoring of nerve activity. However, Ag
should be avoided for long-term use due to biocompatibility issues. Furthermore,
the electrode count of the device is limited to four. In the following chapter, I will
evaluate further PNI techniques that increase the number of electrodes and use
more biocompatible materials, which also feature straightforward nerve attachment

mechanisms.






CHAPTER 5

Further approaches to improve small nerve interfacing

The chapter was reproduced in part with permission from Lukas Hiendlmeier,
Francisco Zurita, Jonas Vogel, Fulvia Del Duca, George Al Boustani, Hu Peng, Inola
Kopic, Marta Niki¢, Tetsuhiko Teshima, and Bernhard Wolfrum. I was responsible
for electrochemical characterization of the electrodes, their in vivo implementation
and the subsequent data analysis. The original publication “L. Hiendlmeier et al.,
4D-Printed Soft and Stretchable Self-folding Cuff Electrodes for Small-nerve
Interfacing. Advanced  Materials. 2023 22102067 is available on
https://doi.org/10.1002/adma.202210206. The fabrication and electrochemical
characterization of the pre-folded electrodes was reproduced in part with permission
from Sebastian Freko from his Master’s thesis “Development, Fabrication and
Characterization of a Memory-Shaped, Parylene-Based Cuff Electrode for Peripheral
Nerve Interfacing” and is presented here for completion. Part of Figure 5.4 has been

shown in his thesis, as well as the data shown in Figure 5.5(a).
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5.1 Preamble

Peripheral nerve interfacing (PNI) has a high clinical potential for treating various
diseases, like obesity or diabetes. However, currently existing electrodes present
challenges to the interfacing procedure, which limits their clinical application, in
particular when targeting small peripheral nerves (< 200pm). To improve the
electrode handling and implantation, we fabricate two nerve interfaces that can cuff
around a small nerve. The first one presents a water-absorbing hydrogel that triggers
a self-folding mechanism, whereas the second one is already pre-folded and the
insertion is performed by lightly pulling the nerve. I demonstrate the straightforward
implantation and extraction of both devices as well as their capabilities for electrical

interfacing with a multi-electrode configuration.

5.2 Introduction

PNI is normally carried out on the larger nerve trunks of the body, which simplifies
the electrode manufacturing and interfacing procedures. However, as stated before,
larger nerve trunks comprise several nerve fibers, and their stimulation often elicits
unintended neuromodulatory responses. Fiber selectivity can be improved using
intraneural electrodes that pierce through the nerve tissue to come closer to the
axons [52, 124, 151]. Nevertheless, this procedure causes trauma to the nerve and
triggers a strong foreign body response (FBR), quickly degrading the electrodes’
performance [125, 152]. This trauma can be generated either because of the stiffness
of the shuttle that guides the electrode inside the nerve or because of the stiffness of

the electrode itself, such as the Utah-array electrode [153-155].



5.2 Introduction 83

The use of cuff electrodes for nerve interfacing intrinsically reduces trauma, as
they do not pierce the nerve tissues. This trauma can be further mitigated via
carefully selecting the fabrication materials to reduce the mechanical mismatch
between the cuff and the nerve. Soft and stretchable materials, like hydrogels and
silicone elastomers, are typically used for the fabrication of nerve cuffs [15, 29, 126,
156-158]. Alternatively, conformal thin-film materials, such as polyimide and
parylene-C, present good biocompatibility and chemical stability [15, 31, 137,
159-161] and, therefore, have been gaining attention for PNI [162-164]. In
particular, parylene-C permits the thermal reshaping of its structure through a
process known as thermoforming. This process can be leveraged to produce 3D

neural interfaces, such as nerve cuffs [165].

Besides the fabrication materials, mechanical attachment to the nerve is also
important for PNI [166]. Recently developed models of cuff electrodes present a
pre-folded shape achieved using stress during their fabrication. Their implantation
procedure usually requires manual unfolding during nerve interfacing [167], which
becomes increasingly difficult and risky as the cuff size decreases. In particular,
thin-film electrodes are typically very challenging to handle. New methods are being
explored to interface cuff electrodes with small nerves. For example, there are
shape-memory polymers that fold when heated to body temperature [59]. Another
approach uses a combination of swelling and flexible materials to fold the electrode
around the nerve when in contact with water, achieving folding diameters of about
50 pm, but so far, none of these methods have shown successful stimulation and

recording performance on small nerves below 200 pm in vivo [168, 169].
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In this chapter, I evaluate two novel multi-contact cuff electrodes for small nerves.
The first device consists of a 4D-printed electrode with a self-folding structure that
wraps around small nerves during the insertion. The second device is pre-rolled
using thermoforming to shape the cuff to the dimension of the nerve. Its insertion
mechanism reduces to simply pulling the electrode for the nerve to slide smoothly
inside, making the interfacing mechanism extremely simple. Furthermore, the
extraction mechanism is also simplified, as it only involves gently pulling the electrode
out. The device features parylene-C as a substrate that supports a Pt/Ir alloy as
the electrode material. Pre-rolled and multisite parylene-C cuff electrodes have
already been successfully used for PNI, but their cuffing dimensions (> 350 um)
are not applicable for our target nerves (< 200pm) [164, 170]. The suitability
for implantation of both devices is tested in our animal model. The devices are
straightforward to fabricate, as they dispense with complex and costly lithographic

techniques, and allow to easily exchange the metal used, for example, Pt or Au.

5.3 Materials and methods

In the following, I describe the characterization methods for both devices. We used
adult male and female locusts (Locusta migratoria) for the in vivo experiments. Since
the study was conducted exclusively with insects, no special permission is required
in Germany. All experiments complied with the German laws for animal welfare

(“Deutsches Tierschutzgesetz”).
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5.3.1 Self-folding cuff electrodes
Electrochemical characterization

Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) were
performed to characterize the electrodes using a potentiostat (PalmSens4, PalmSens,
Netherlands) in PBS. EIS was performed in a three-electrode setup, using a Pt mesh
counter and a Ag/AgCl (3moldm™® NaCl) reference electrode. During the
experiments, no bias voltage was applied against the open circuit potential (E,.). A
sinusoidal wave with an amplitude of 10mV vs. FE,. was applied to measure the
impedance of the electrodes between 1 Hz and 500 kHz. CV was performed in the
same three-electrode setup over a potential range of —1.6'V to 1.7V, with a scan
rate of 100mVs~!. This voltage range was swept 10 times, and only the last

voltammogram was used for the data analysis.

The voltage response of the electrodes to biphasic current pulses was recorded
with an oscilloscope (InfiniiVision DSOX2024A, Keysight, USA). The current pulses
were applied with an electrophysiology stimulator/amplifier chip (RHS2116, Intan
Technologies, USA). The phase of each pulse had a duration of 300 ps (leading
cathodic) with a 50 ps interphase delay. The amplitude of the pulses ranged between
100 and 1000 pA in steps of 100 pA.

In vivo experiments

The surgical procedure used was already described in Chapter 3. The cuff electrode
was approached with the aid of micromanipulators and fine tweezers and wrapped

around the nerve. The contact pads of the electrodes were interfaced with a 6-pin
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zero insertion force (ZIF) connector (Wurth Elektronik GmbH & Co. KG,
Germany). This connector bridged the electrodes to an INTAN RHX control system,
using the RHS2116 headset (INTAN Technologies, USA) to stimulate and record
activity from the nerve. Locust’s saline solution was applied to the thoracic cavity
to prevent the nervous tissue from drying during the procedure (147 mmol dm™
NaCl, 10mmoldm™ KCl, 4mmoldm™® CaCl,, 3mmoldm™> NaOH and
10 mmol dm™—® HEPES buffer, Sigma Aldrich, St. Louis, USA [118]).

The N5 was stimulated with two biphasic current pulses (leading cathodic, 300 ps
apart) with an amplitude of 70 pA and a duration of 300 ps per phase, separated by
a 100 ps delay between phases. The pulse pattern was delivered every 2s, and the
leg movement response was captured on camera. The tibiofemoral joint angle was
estimated using a self-written code in MATLAB (MATLAB 2022a, MathWorks,
USA).

Finally, the neural activity of the N5 was recorded from all channels at 30 ksps.
The recording was performed against a Ag/AgCl electrode on the contralateral side of
the metathorax. The abdomen of the animal was lightly touched with a non-metallic
instrument to elicit a motor reaction. The acquired signals were subsequently filtered

in MATLAB using a FIR band-pass filter between 0.8 and 2.2kHz [171].
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5.3.2 Pre-folded cuff electrodes
Mechanical characterization

The opening force of the cuff electrodes was measured with a tensile tester (Universal
Testing Machine 106, TesT GmbH, Germany). A copper wire with a diameter of
150 pm was mounted on a 3D-printed platform and tightened with screws. The
cuff electrode was then carefully wrapped around the copper wire. Both the cuff
electrode and the base were mounted on the tensile tester and pulled apart from
each other slowly at 0.5mm min~!. The increasing force was recorded until the cuff
electrode detached from the wire. The maximum force span was computed for each
cuff electrode. njone = 16 devices with a length of ligne = 1.6 mm and ngere = 29

devices with a length of Iy = 1.2 mm were used for this measurement.

Electrochemical characterization

The electrochemical properties of the electrodes were characterized using CV and
EIS in a Faraday cage using locust’s saline solution at room temperature in a
three-electrode setup as described before. The measurements were carried out with
a potentiostat (PalmSens4, PalmSens, Netherlands). Before the measurements, the
electrodes were cleaned by linearly sweeping their voltage 10 times back and forth
between —0.2V and 1.5V vs. Ag/AgCl at an absolute rate of 500mVs~! in
0.2moldm ™ H,SO,. The potential of the CV experiments was swept between —0.6
and 0.8V vs. Ag/AgCl with a scan rate of 50mV s™! to keep the Pt/Ir electrode
polarization within the water window. Three cycles were recorded in every
experiment, whereby the last cycles were used for the analysis. The cathodic charge

storage capacity (CSC.) was calculated using Equation (2.14).
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The EIS was measured in a frequency range from 0.1 Hz to 5kHz by applying
a sinusoidal signal with an amplitude of 10 mV. The electrodes were then subject
to a long-term stimulation process, consisting of the application of 107 biphasic
stimulation pulses (100 pA and 300 ps per phase, 1 ms pulse period) and the EIS

measurements were conducted again.

In vivo experiments

After the surgical procedure already described in Chapter 3, the cuff electrode was
approached with the aid of tweezers and the nerve slid into it. The electrode contact
pads were interfaced with a flat cable using conductive tape (ECATT 9703, 3M,
USA) and the other end of the cable was connected to a zero-insertion-force (ZIF)
connector (Wirth Elektronik GmbH & Co. KG, Germany). The ZIF connector was
then interfaced to an INTAN RHS2116 headset and used to drive the stimulation
currents, as described before. The stimulation signal consisted of a biphasic pulse of
400 ps and 45 pA per phase, with an inter-pulse delay of 100 us. The nerve was
stimulated every 3s and the leg movement response was captured on camera.

Finally, the tibiofemoral joint angle was estimated using a self-written code in

MATLAB (MATLAB 2022a, MathWorks, USA).

The cuff electrodes were implanted in 12 subjects to assess their implantation
effects in insects. Surgery without implantation was performed on another group
of 12 subjects which served as a control group. Their wounds were sealed and the

two groups were kept in separate terrariums at ~30°C and a 12h light period for



5.4 Results and discussion 89

two weeks. Afterward, the implanted subjects were sacrificed and samples of the
metathorax were fixed in 10% neutral buffered formalin and decalcified using a formic
acid-based decalcifying solution. Sections of 2 pm were cut using a rotating microtome
(RM2245 Leica Biosystems, Wetzlar, Germany). The sections were then stained
with hematoxylin-eosin and Masson’s trichrome following standard procedures. The
slides were then scanned in 40x magnification using a whole-slide brightfield scanner

(Aperio AT2, Leica Biosystems, Wetzlar, Germany).

5.4 Results and discussion
5.4.1 Self-folding cuff electrodes
Electrochemical characterization

Typically, a low electrode impedance is desirable for stimulation to deliver the
necessary amount of charge while minimizing the polarization of the electrodes. A
high electrode polarization could elicit redox reactions on the surface of the
electrodes, which generate noxious species or degrade the performance of the
electrodes. To assess the influence of stimulation on the electrode performance, we
compared the impedance obtained from the EIS measurements of 16 electrodes
before and after applying 10° stimulation pulses. The Bode plots for both cases are
presented in Figure 5.1(a), showcasing that the average magnitude of the impedance
of the electrodes increases slightly after the stimulation. For example, at 1kHz, the
magnitude of the impedance increases from ~6 to ~10k(2, and similar changes are
seen across all measured frequencies. This result is expected, as the stimuli could
have briefly generated gas bubbles between the Au micro-cracks, delaminating some

weakly attached Au.
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Figure 5.1: Electrochemical characterization of the active electrode in PBS. (a) Bode
plots of the impedance of the electrodes in PBS depicted as the mean and the standard
deviation of 16 electrodes. The solid and dashed lines show the EIS before and after
delivering 10° biphasic current pulses, respectively. (b) CV of 16 electrodes scanned
at 50mVs~!. We determine the water window to be at £1.3 V. (c) Representative
voltage transient resulting from a 0.9 mA biphasic stimulation pulse. Here, we showcase
the relevant voltage values to calculate the electrode’s charge injection capacity (CIC).
This trace corresponds to an injected charge density of 300 pCcm™2. (d) The charge
injection density of 16 electrodes, shown in mean and standard deviation. The charge

injection capacity is estimated to be 121 nC cm™2.

We conducted CV measurements to further characterize the electrodes’ stability
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and determine the water window. The mean and standard deviation of the 16
voltammograms for Au vs. Ag/AgCl (3moldm > NaCl) with a Pt mesh counter
electrode in PBS are shown in Figure 5.1(b). The high current magnitudes at the
highest and lowest applied voltages correspond to the electrolysis of water.
Therefore, we set a conservative water window in the range of +£1.3V. Lower
current peaks can be noticed at ~1.1V (anodic) and ~0.6 V (cathodic) vs. Ag/AgCl,

probably corresponding to the oxidation and reduction of Au, respectively.

The electrode’s charge injection capacity (CIC) determines how much charge can be
injected into the electrolyte without polarizing the electrode beyond undesired limits.
We set the water window as the safe stimulation limit in our case. We stimulated
16 electrodes with cathodic-leading biphasic pulses of increasing amplitude ranging
from 100 to 1000 pA and show one of the voltage transient responses in Figure 5.1(c).
The most cathodic (F,,.) and most anodic (E,,,) electrode polarization voltages are
acquired from the measurements and compared with the water window. Determining
these voltage levels from a voltage transient is challenging, and there are even
attempts to automate their calculation [172]. We estimated V, visually and then
calculated E,,. using Equation (2.16). E,,, was estimated using the same formula
but using the AV and V, values from the anodic part of the trace. Then, we
converted the injected current to the surface charge density as Qinj = (Lin; - tp) / A4,
where ();,; represents the injected surface charge density, ;,; the stimulation current
amplitude per phase, t, the phase duration, and A the electrode area. The mean
and standard deviation of the corresponding F,,. and E,,, estimations are presented

in Figure 5.1(d) using a fit of the discrete values with a quadratic regression. We
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finally estimated the CIC as the injected charge corresponding to the intersection
between the first polarization voltage F,,. or E,,, and the established water window,
obtaining a CIC of 121 uCcm™2. These values are slightly lower but in the same
order of magnitude as results reported in literature for Au electrodes (200 pC cm—2)
[173]. The reduced CIC compared to flexible but non-deformable electrodes can be
caused by the micro-cracking design. For applications requiring higher CICs, the
performance could be potentially improved with an additional coating of a porous

conductive polymer, such as PEDOT:PSS [173, 174].

In vivo validation

We interfaced the N5 of the locust Locusta migratoria to validate the in vivo
performance of the 4D cuff electrodes. The small size of this nerve (~150 um in
diameter) and the limited useful length for interfacing inside the metathoracic cavity
(~2mm) make the locusts an excellent model to test the interfacing capabilities of
our device. The cuff electrode we present has 6 channels, an inner diameter of
~150 pm when folded and a width of 850 pm. However, making a multichannel
planar electrode with the appropriate dimensions for a small nerve in a restricted
environment is only half the story. Interfacing with small nerves usually requires a
great deal of skill from the practitioner. Commercially available cuff electrodes are
traditionally fixed to the nerve by stitching or buckling around them, which is more
challenging at smaller scales (e.g., CorTec GmbH, Freiburg, Germany, MicroProbes,
Gaithersburg, MD, USA). Our self-foldable cuff electrodes are comparatively easy to
attach to the nerve, as they just need to be approached to it, wrapping around it

after contact with water in 20 to 30s.
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Figure 5.2: Interfacing of the locust N5 with the 4D cuff electrode. (a) Metathoracic
cavity of a locust, exposing the metathoracic ganglion and nerves. (b) Movement of
the hindleg elicited by the nerve stimulation. (c) Angle of the leg over ten stimulation
pulses.

Stimulation To validate the stimulation capabilities of the 4D cuff electrode, we
stimulated the nerve with biphasic current pulses and recorded the elicited leg
response on camera. The pulses were delivered between 2 electrodes every 2s.
The stimuli triggered the leg’s fast extensor tibiae neuron (FETi), provoking it to
extend its tibiofemoral joint [74]. Figure 5.2(c) showcases one stimulation experiment
comprising 10 stimulation pulses and showing the tibiofemoral joint angle vs. time,
with similar values for every stimulation pulse. Repetitions of the same experiment
in other subjects showed variability in the elicited angle span between the subjects
but repeatability within the same subject. This can be attributed to the position of
the electrode with respect to the nerve and its proximity to the FETi, which varied

between subjects.
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Recording Additionally to the stimulation, we also evaluated the recording capability
of the electrodes. After nerve attachment, we could detect spontaneous neural activity,
which was always present even without movement, probably corresponding to sensory
signals. Then, we elicited movement by lightly touching the abdomen of the locust.
Correspondingly, the sudden movement of the leg was reflected as larger and bursting
neural activity. A representative trace of the recording is shown in Figure 5.3(a).
The signal was band-pass filtered between 0.8 and 2.2 kHz to reduce noise and muscle
movement artifacts [171, 175, 176]. After filtering, the noise floor was calculated to
be ~4 1V . Traditional extra-neural recording techniques, such as interfacing with
hook electrodes, usually record action potentials with higher amplitudes when the
nerve is pulled out of the hemolymph. Nevertheless, it is important to highlight that
the presented recordings were performed with the electrode immersed in the animal’s
hemolymph, a condition for implantable electrodes that hook electrodes cannot meet.
Furthermore, the geometrical arrangement of the 6-channel cuff electrode permits
the distinction of the direction of propagation of the neural activity along the nerve,
depending on the dephasing profile, with electrodes 1 to 6 (chl-ch6) going in the
proximal to distal direction. Figure 5.3(b) shows a chl-leading signal, corresponding
to efferent motor neural activity, while Figure 5.3(c) depicts a ch6-leading signal,
corresponding to afferent sensory neural activity. In one minute of the shown trace,

218 efferent and 129 afferent signals were detected.

Extraction During the experiment, the cuff electrode moved along with the nerve

when the animal moved without detaching. However, when the cuff pulls the nerve
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Figure 5.3: Electrophysiological recordings of spontaneous activity of the N5 with a
6-channel cuff electrode. (a) Activity during one minute, the larger spikes correspond
to leg movement. Zoomed-in snippets from the main trace at different times show
(b) a motor signal traveling from the ganglion to the leg (efferent) and (c) a sensory
signal traveling from the leg to the ganglion (afferent). The direction of propagation
of the signal can be determined from the observed phase delay between the different
channels, with (b) the most proximal channel (chl) leading during efferent activity

and (c) lagging during afferent activity.

more strongly, the cuff electrode can unfold again. Using this property, the cuff

electrodes were detached from the nerve after every experiment by gently pulling
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them off. Leg movement was normally elicited as a response to light touches on
the abdomen of the locust after extraction of the cuff electrode. This observation
suggests that the interfacing and the extraction cause little or no damage to the

nerve.

5.4.2 Pre-folded cuff electrodes
Electrode fabrication

The pre-folded devices are made with a parylene-C substrate and Pt/Ir electrodes.
The electrodes are distributed along the length of the cuff (/) and around its inner
circumference (h) in an [ x h fashion. The 6-electrode design presents a 2 x 3
distribution, whereas the 15-electrode has a 3 x 5 distribution. The fabricating
procedure for a 6-electrode cuff is shown in Figure 5.4(a) — Figure 5.4(f) and a picture
of the final device in Figure 5.4(g). The device is flexible and can accommodate
the narrow spaces where small nerves are usually found (Figure 5.4(h)). The cuff
diameter can be tuned easily tuned to fit custom nerve sizes (Figure 5.4(i)). The
interfacing mechanism simply consists of sliding the nerve inside the cuff. Since
the electrode is made of ~10-num-thick parylene-C, it is highly flexible and bendable.
This feature permits the electrode to deform and access otherwise restricted areas to

interface the nerve.

Mechanical characterization

One important characteristic of cuff electrodes is the mechanical compliance to the
interfaced tissue. Since the nerves are in movement with respect to other tissue, the
cuff electrodes should be strong enough to remain attached to the nerves under these

conditions. However, a very strong compressing force can generate nerve trauma and
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Figure 5.4: The pre-folded electrodes are fabricated by (a) depositing a substrate
of 5um parylene-C, sputtering Pt/Ir on top and patterning it to the shape of the
electrodes. Then, (b) a second layer of parylene-C is deposited on top, followed by a
metal coating of Al, which serves as a masking layer for etching the parylene-C. The
coating over the electrode sites is laser-etched. Finally, (c) the parylene-C over the
electrode sites is Oqy-etched and the masking layer is removed with KOH. To pre-fold
the device, (d) its tip is attached to a resistively heated wire of the desired diameter
of the target nerve. After attachment, (e) the cuff is rolled and later thermoformed
to obtain the final cuff shape (f). (g) shows a picture of the device at the end of the
fabrication process. (h) The final device is highly flexible, which is advantageous for
implantation in constrained spaces. (i) The diameter of the cuff can be easily tuned
to the desired nerve.
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should be avoided. We estimated the compression force of our devices by measuring
the force necessary to open the cuff. This measurement was carried out by attaching
the cuff electrodes to a nerve surrogate and pulling it slowly while measuring the
force until detachment. For this purpose, we used long (njong = 16, ligng = 1.6 mm)
and short (nghors = 29, lhort = 1.2mm) devices and determined that the maximum
opening force was Fopen = ~25 mN. The obtained low opening-force values suggested
that the electrode extraction could be performed by simply pulling the electrode off
the nerve, which was later experimentally confirmed. Nerve stretching experiments
performed in small rodents show that a force of approximately 3.25+0.54 N is required
to break the nerve, and 0.71+0.18 N is required to abolish compound action potentials
[177]. In comparison, the opening force values registered for our electrodes were

between one and two orders of magnitude lower.

Electrochemical characterization

We performed cyclic voltammetry to determine the water window for our devices.
The results of these characterizations are shown in Figure 5.5. Figure 5.5(a) shows
the resulting voltammograms in mean and standard deviation for 12 electrodes
before and after the thermoforming procedure. The water window can be determined
between —0.6and 0.8V vs. Ag/AgCl. The particular shape of the voltammograms
corresponds to the results in literature [178]. From the voltammogram of the folded
electrode, we computed the CSC, of the electrodes, a value that characterizes how

much charge they can store, and obtained a value of 4.6 mC cm~2.

This value is
consistent with those reported in the literature for Pt/Ir electrodes with the same

atomic ratio (80/20) measured at the same scan rate [179, 180].
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Figure 5.5: Electrochemical characterization of the pre-folded devices. (a)

Voltammograms for unfolded and folded electrodes (n = 12). (b) Magnitude and
(c) phase of the impedance of unfolded, folded and long-term stimulated (“aged”)
electrodes (n = 12).

Nerve stimulation involves delivering current through the electrode-electrolyte
interface. However, delivering enough current to elicit a nerve response without
damaging the electrode is a current challenge for thin-film electrodes [174, 181].
To make matters worse, thin-film metallic electrodes are prone to delamination
[182]. Since electrochemical stability is an important characteristic of thin-film
electrodes, we simulated long-term usage of the electrodes by delivering biphasic
currents with amplitudes of 100 pA, ~2 times larger than those usually required
for nerve stimulation. The electrode stability was assessed with EIS measurements.
Figure 5.5(b) and Figure 5.5(c) show the impedance of 12 electrodes in mean and
standard deviation before and after the application of 107 stimulation pulses. It can
be seen that the long-term stimulation decreased the mean value of the impedance
of the electrodes in the low-frequency range, probably due to electrode cleaning or
the delamination of the passivation caused by the formation of gas bubbles on the

electrodes.
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Implantation procedure and interfacing

As explained previously, interfacing small nerves is a challenging task for the
practitioner. Our pre-folded devices facilitate this task, as they just have to be
positioned below the nerve, and a slight upward pull will cause the nerve to slide
gently into the cuff. Pulling the cuff electrode beyond the opening force stated in
the previous section will open the cuff, consequently releasing the nerve. After the
extraction, the insect was able to use its leg normally, suggesting that no lasting
damaged was caused to the nerve by either the interfacing or the extraction

procedures.

Multi-electrode nerve cuffs can potentially recruit different axons or groups of
axons independently, thus increasing the stimulation selectivity. Our devices increase
the spatial selectivity by placing electrodes around the nerve. To assess the electrical
performance of the electrodes, we stimulated the N5 under different 1-to-1 electrode
combinations and recorded the elicited leg movement with a camera. The used device
comprised 6 electrodes, and all combinations of 2 electrodes without repetitions
(g) = 15 were tried. Movement was elicited only in 8 out of the 15 total combinations.
Under the same stimulation conditions, no movement was elicited for the other 7
combinations, suggesting that the spatial electrode configuration plays a role in the
selective stimulation of the nerve. Figure 5.6(e) shows the angle span achieved for
every successful electrode combination (Nyepetition = 10). It is important to note that

the same experiment in different subjects is not bound to elicit the same results, as

there is variability in the relative position between the electrode and the nerve in
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every interfacing procedure. Therefore, while we observed similar results in other

subjects, we report them only for one subject in this work.

Post-implantation analysis

To assess the suitability of our electrodes in insects, we implanted them in 12 locusts
and established a control group of also 12 locusts, which only underwent the surgical
procedure. Immediately after the surgery, the subjects resumed their regular
activities. Furthermore, they retained their jumping ability, suggesting that the
implantation process did not affect the physiology of the nerve. They were kept in
their terrariums under controlled temperature and light patterns and observed
during the following two weeks. All the subjects in the implanted and control
groups survived past the two weeks and did not show any impaired behavior or
movement patterns, suggesting that our devices do not cause mortality of the

subjects within the time frame of the experiment.

Next, we histologically evaluated the foreign body response (FBR) of the locusts
to the implants. We performed hematoxylin-eosin (Figure 5.7(a)) and Masson’s
trichrome (Figure 5.7(b)) stainings according to standard protocols. The images show
the formation of a monocellular capsule surrounding the cuff electrodes, which is not
present on the nerves that were not interfaced (Figure 5.7(c)). There is no evidence of
capsular fibrosis in Masson’s trichrome stain (Figure 5.7(b)). The observable reaction
is consistent with the physiological encapsulation process of foreign objects in our
chosen locust species, as described previously by Brehélin et al. [183]. Consequently,

these results suggest that our devices do not elicit abnormal FBR in our subjects.
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Figure 5.6: (a) Schematic of the setup used for in vivo experiments. (b) The
metathoracic cavity of the locust prior to electrode interfacing, indicating the target
nerve. (c) Successful nerve interfacing with our cuff electrode. (d) Superimposed
hind leg image depicting how the angle is measured. (e) Angle span for the electrode
combinations that elicited leg movement. The inset illustrates the location of the
electrode number on the unrolled cuft.




5.4 Results and discussion 103

ok Nerve fiber

Cuff electrode / 100 pm

(a) (b)

Figure 5.7: Histological images of the N5 interfaced with the pre-folded cuff electrodes
stained with (a) hematoxylin-eosin and (b) Masson’s trichome. A tissue layer is formed
around the parylene-C cuff. The gap between the cuff and the nerve is due to the nerve
shrinking during the fixation process. (c¢) A non-interfaced nerve does not present the
capsule formation around it.
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5.5 Conclusions

In this chapter, I presented two novel cuff electrode devices for small nerves. On the
one hand, a 3D-printed electrode for PNI, which can fold itself into a cuff around
small peripheral nerves when exposed to water during the surgery. The materials
used for its fabrication make the electrode robust and easy to handle. Furthermore,
the triggered self-folding mechanism greatly facilitates the interfacing procedure for
the surgeon compared to other devices. I believe this simple handling is key to
bringing PNI into a broader clinical application. Finally, I showed that the electrode
can reliably stimulate small nerves and perform electrophysiological recordings from
them. The successful in vivo results on insects suggest that acute functional

interfacing of our devices is possible.

On the other hand, a parylene-C device that featured a pre-folded cuff shape
acquired through a thermoforming process. Stimulation of the N5 in locusts with
specific electrode configurations yielded repeatable tibiofemoral joint angle extension.
Further, tissue histology after the survivability period showed a normal encapsulation

FBR.



CHAPTER 6

Conclusions and outlook

In this work, I presented an analysis of extraneural interfaces for small peripheral
nerves. Furthermore, I developed and characterized novel extraneural devices using
state-of-the-art techniques and applied them in vivo. At the same time, I developed
a small animal model framework using the insect Locusta migratoria. This animal
model provides access to several small nerves, in particular the metathoracic N5
that innervates the hind leg of the locust and provides a natural biomarker for
stimulation. Similarly, bidirectional neural recordings can be acquired from this

nerve.

First, 1 developed a silicone-based cuff electrode and used it for in vivo
stimulation in a closed-loop control system. Next, I designed and characterized a
multi-contact cuff electrode for small nerves, which was fabricated using a
combination of inkjet printing and two-photon stereolithographic techniques. I also
validated its stimulating and recording selectivity in vivo. Finally, I characterized

two novel electrodes made with soft and flexible materials, which were successfully

105
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implanted in the animal model for a period of two weeks. Moreover, a histological
analysis of the interfaced tissue showed a normal encapsulation foreign body

response for one of these devices.

In the rest of the chapter, I compare the presented electrodes in terms of their

characteristics.

6.1 Recording and stimulation

Nerve recordings pick up the extracellular potentials that propagate along the nerve
fibers. To effectively record from extraneural electrodes, there are some important
characteristics to consider, such as low electrode impedance, a proper cuff seal, and
high electrode count [144]. However, these characteristics often conflict with each
other. For example, an increased number of electrodes within a cuff allocates a

smaller surface area for each and, therefore, increases their impedance.

Hook electrodes and the PDMS cuff electrode presented low electrode impedance
but with a low electrode count. The 3D-printed cuff electrode improved the
electrode count while keeping the impedance low. Furthermore, it provided a better
electrical sealing that allowed direction-selective recordings. The softer, self-folding
cuff electrode increased the electrode count while also keeping a low impedance.
However, the seal tended to be imperfect to the sides, usually decreasing the
amplitude of the recorded signals on the electrodes close to the ends. Finally, the

pre-folded device further increased the electrode count but compromised its



6.2 Selectivity and invasiveness 107

impedance and signal recording was not possible. For future developments, the cuff
sealing should be a priority for cuff-electrode development to enhance nerve
recording. This could be improved through the use of flexible, compliant materials
that accommodate the shape of the nerve and more reliable nerve attachment

mechanisms.

The requirements for nerve stimulation are more relaxed compared to recording.
However, electrode impedance and sealing are still important for proper stimulation.
A very high impedance usually results in an increase in the electrode polarization,
which enhances redox reactions, whereas poor sealing makes the stimulation current
less effective and focused. The stimulation behavior of the presented electrodes was
very similar, requiring biphasic current pulses of approximately 25nC per phase to
elicit a visible response. An exception to these observations are the hook electrodes,
which only required half of the charge when pulled out of the electrolyte. However,
they required much more charge per phase when immersed because of improper
sealing. Finally, the effect of the relative position of the cuff electrodes around the
nerve was noticeable. Since the FETi is closer to one side of the nerve, electrodes

placed closer to this side required lower stimulation currents.

6.2 Selectivity and invasiveness

Perhaps the most important compromise of electrode design is the ratio between
selectivity and invasiveness. The least invasive type of extraneural interfacing is
placing the electrodes on top of the nerve. However, the lack of a mechanical

attachment could cause a displacement between the electrode and the nerve over



108 Chapter 6 Conclusions and outlook

time. Nevertheless, this technique is clinically used, for example, to treat obstructive
sleep apnea [184]. We validated the in vivo performance of a novel surface electrode
fabricated with a substrate of chitosan nanofibers and different electrode materials

such as carbon nanotubes, silver nanowires and PEDOT:PSS [185].

While hook electrodes achieve a good SNR in a mineral oil bath, they tend to be
large and are restricted to a reduced number of electrodes. A further limitation of
them is that they are not straightforward to implant, as their mechanical interfacing
consists of pulling the nerve upwards to achieve it. The device presented in
Chapter 3 is also made of thin metal wires but features a silicone cuff to cushion the
nerve. Cuffs present the advantage of limiting the ionic current dispersion that
permits the recording from more axons compared to hook electrodes [144]. This
device can be implanted since the mechanical attachment is performed by the
silicone tube. Nevertheless, the fabrication mechanism also restricts the number of

active sites.

The fully 3D-printed cuff electrode presented in Chapter 4 has an increased
number of contact sites distributed spatially along the length of the nerve. This
design permitted to record the signals propagating along the nerve, estimate their
conduction velocity and determine the direction of propagation. This result was
later reproduced with the self-folding devices presented in Chapter 5. Electrodes
distributed along the direction of propagation further permitted to create custom
electric fields for stimulation, as shown in Chapter 4. The pre-folded devices

presented in Chapter 5 present an electrode distribution both along and around the
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cuff. These devices displayed an improved selectivity, demonstrated by the
stimulation of the FETi only under certain electrode combinations. Nevertheless,
selective recording could not be achieved due to impedance issues and electrical

noise.

Improving the selectivity while keeping the invasiveness of cuff electrodes low is an
ongoing challenge for extraneural PNI. In the future, selectivity could be improved
by increasing the number of electrodes while keeping their impedance low through

the implementation of novel electrode materials.

6.3 Robustness and ease of implantation

Small nerves are delicate structures that benefit from equally soft electrodes to
interface with them. If the Young’s modulus between the nerve and the implant is
large, there is a risk of nerve trauma during movement [129]. However, soft and
small devices are also challenging to handle, which makes practitioners prefer more

traditional approaches.

I attempted to improve the mechanical mismatch by using softer substrates but
still robust enough to facilitate their handling and implantation. The PDMS cuff
was a satisfactory attempt as both silicone and the metal had their own stiffness,
which make the handling and implantation straightforward. This model was then
improved with the 3D-printed electrodes, which had a smaller aspect ratio and
featured a softer cuff and thinner metal conductors. However, stretchability and

flexibility are important for implants because nerves are elastic structures that
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accommodate joint movement. That is why I also characterized flexible electrodes

such as the self-folding and pre-folded devices (Chapter 5).

All in all, all the presented electrodes are straightforward to implant. However,
the devices with thicker metal structures are easier to handle because they present a
more rigid structure. The parylene-C device, while easy to implant and extract,
presented challenges with handling, as well as the chitosan-based device. The best
compromise between flexibility and ease of implantation comes from the self-folding
structure, which presents a rigid but flexible resin substrate. This device can also be

handled more freely and reused several times, showing great robustness.

6.4 Comparison of the different devices

To finish the comparison, I summarize the features of the different electrodes in
table Table 6.1. “High”, “Medium” and “Low” grade the suitability of each
electrode for the specific purpose. If the characterization has not been done, it is

7

symbolized with “—".

In the future, a device that connects the electrodes to a small processing unit,
reads the signature of a nerve, processes its signals and produces a stimulating
pattern that modulates the locust jump could be developed. The relatively large
size of the locust could be further leveraged to develop a wireless, portable,
closed-loop neuromodulation system. Such a closed-loop modulation strategy was

shown in Chapter 3 but, in this case, the feedback loop was implemented externally.
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Table 6.1: Comparison of the different devices presented in this thesis.
Hooks Mold-fabricated ~ 3D-Printed  Self-folding  Pre-folded
PDMS cuffs
Number of 2 2 4 6 6 & 15
electrodes
Ease of High High Medium High Medium
handling
Recording Low Low Medium Medium Medium
selectivity
Recording SNR | Low Low Low Medium Low
Stimulation High High Medium High High
efficiency
Chronic — — — High High
implantation
and survival
rate

Totally-neural forward and feedback loops could improve the state of the art for the

field of neural prostheses, endowing them with a more natural perception feeling

186, 187].
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A Locusta migratoria surgical procedure

The surgical procedure for the Locusta migratoria used in this work is captured in
an educational video and can be found on https://www.nature.com/articles/
s41598-022-13679-z. The video covers the topics of surgery preparation, surgical
procedure, and nerve handling. The speech in the video was artificially generated

through the website https://ttsmp3.com/.

A.1 Procedure

The following procedural aspects help to avoid potential caveats during the procedure:

1. The locust should be fixed immediately after chilling, or it will elicit strong
movements if warmed up. The experiment can be conducted at a low

temperature for easier handling.
2. The locust should not be maintained in a freezer to ensure vitality.

3. During the surgery, the locust may produce a dark liquid from its mouth. This
liquid should be quickly absorbed with tissue, as it can damage the nerves if it

gets in contact.

4. The locust should be properly fixed in the modeling clay bed. However, a gap
in the clay bed to the sides of the locust at the level of the metathorax should

be provided to allow breathing.
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A Locusta migratoria surgical procedure

. A superficial cut on the metathoracic cuticle should be performed to avoid

damage to trachea and ganglion.

. The cavity should be kept moist with saline solution to avoid drying of the

nerve tissue.

. The locusts should be handled with care. Excessive stimulation of the nerve

(frequency or current) should be avoided. Furthermore, locusts should not
be grabbed from the leg. In both cases, the animal will tend to autotomize

(detach) the compromised limb.

For termination, the locust can be placed in a freezer overnight or dipped in

liquid nitrogen for ~10 s.



B Control circuit

In the following, I describe the electronic circuit used to implement the control
loop of Chapter 3. The components used are a Nordic nRF52840-DK, a flexible
resistor, a 100 k() potentiometer, a TL094 operational amplifier, and resistors to set

amplification gain in the differential (R1-R4) and gain (R5, R6) stages.
+5V

Flexible Error Stimulus

Resist OA1l
RF52840-DK
_ MAN—WN—

| OA3 P0.0; P0.26

RV
100 kO € OA2 109

R6
B
| R4

Setopoint

Figure B.1: Schematic of the system used to close the control loop.

The values of R1, R2, R3, and R4 set the preamplification of the Set Point and
Feedback signals, so the voltage range of the feedback matches the desired set point.

The Error signal is then calculated as:
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166 B Control circuit

: R4 R1+ R3 R3
Error = Set Point - (m) : (T) — Feedback - (ﬁ) (B.1)

R5 and R6 are used to set the amplification gain before signal acquisition by the

microcontroller.

The microcontroller is programmed to receive the error signal from P0.02 and
generate the pulse signal from P0.26. The output pulse delays are clipped between
50ms and 250 ms. The potentiometer and non-inverting gain stage can be used to
calibrate the desired error signal, e.g., to produce maximum error when the flexible

resistor is fully bent, or within a certain bending range.



C Schematic of the cuff molds

This section shows the schematics of the 3D-printed molds to produce the PDMS

silicone cuff presented in Chapter 3.
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C Schematic of the cuff molds
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C.2 Bottom mold

C.2 Bottom mold
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D Evolution of the final design of the 3D-printed cuff

electrodes

Here I describe the previous stages of development of the fully 3D-printed nerve
cuff presented in Chapter 4. After preliminary tests shown in Figure D.1, the
designs were directly transferred to sensors with conductive 3D electrodes. During
the stereolithographic printing stage, microbubbles were perceived around the 3D
electrodes which inhibited the possibility of polymerizing the desired structure.
Therefore, special cavities were added to the housing desing to incorporate the 3D

electrodes.
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172 D Evolution of the final design of the 3D-printed cuff electrodes

50 pm ¢ 50 pm

(a) (b) (c)

5()1711 50 pm 501711

(d) (e) (f)
Figure D.1: Tilt-corrected scanning electron microscope images of 3D-printed cuff
holders using two-photon stereolithography.



E Locust leg movement

The movement of the locust leg using the nerve cuff presented in Chapter 4 are

presented in this section, for all the measured combinations.
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E Locust leg movement
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Figure E.1: Leg angle span elicited by two electrodes (all combinations) for pulse
amplitudes of 30 pA and 60 pA. The different traces represent the number of pulses (5
to 20) per stimulation signal. A cathodic-leading phase for each individual electrode
is marked as red, an anodic-leading phase as light blue, and an inactive electrode as

black.
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Figure E.2: Leg angle span elicited by two electrodes (all combinations) for pulse
amplitudes of 30 pA and 60 pA. The different traces represent the number of pulses (5
to 20) per stimulation signal. A cathodic-leading phase for each individual electrode
is marked as red, an anodic-leading phase as light blue, and an inactive electrode as
black.
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E Locust leg movement
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Figure E.3: Leg angle span elicited by different combinations of double pairs of
electrodes for stimulation amplitudes between 35 1A and 60 pA. A cathodic-leading
phase for each individual electrode is marked as red and an anodic-leading phase as

light blue.



F Finite element method simulations

Finite element method simulations were carried out to estimate the electric field
and activating function along the direction of the nerve for different electrode
combinations, as presented in Chapter 4. The following elements were used in the

simulation:

1. A 3mm? cube was designed to model the environmental electrolytic solution.

It was based on PBS and it was assigned a conductivity of o = 1.52Sm™".

2. The 3D-printed cuff was positioned at the center of the cube. It was assigned
the electrical properties of an insulator. A rectangular prism (1 mm X 1mm X

0.02 mm) was positioned below the cuff to model the PEN electrode substrate.

3. The 4 individual microelectrodes were modeled as the union of a cylinder (r, =
20 pm, h = 150 pm) and a half sphere on top (s = 20 pm). They were assigned
the material properties of Ag (¢ = 6.3 x 107 Sm™!). The bases of the cylinders
were assigned current sink/source as boundary conditions, with a density of

47.75 x 103 Am™—2, calculated as 60 pA over the area of the base of the cylinder.

4. A nerve was modeled as a cylinder (r, = 80um, [ = 2.5 mm) and assigned a

1

conductivity ¢ = 0.57Sm™" along the axial direction of the axon, and o =

0.083Sm™! in the other directions. It was surrounded by a nerve sheath
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178 F Finite element method simulations

of the same length (d = 10um) and assigned a lower conductivity (o =

2.1x1073Sm™1).

5. The solving set of equations used corresponds to the FElectric Currents module.

The 3D geometry used in the simulation is displayed in Figure F.1.

Yix

(a) (b)

Figure F.1: Geometry of the cuff electrode used in the COMSOL simulations. (a)
The cuff electrode without and (b) with the nerve model.



G Comparative recordings with Ag hook electrodes

A measurement with Ag hook electrodes was carried out for comparative purposes.
Hook electrodes were crafted with Ag wires () = 76.2 um, Science Products GmbH,
Germany) and interfaced with the N5. The nerve was pulled out of the hemolymph
using a micromanipulator and spontaneous activity was recorded with the setup
described before. A 10-second recording is high-pass filtered as described in Chapter 4
and shown in Figure G.1. It can be seen that the signal amplitude is larger compared
to recordings from the cuff electrodes, which is expected because the nerve is isolated
without electrolyte to dissipate the current.

800 r-
— 600 |
400 -

Time [s]
Figure G.1: Spontaneous activity of the N5 outside of the hemolymph recorded with
Ag hook electrodes.

The interfaced nerve was then submerged into the hemolymph and the neural
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180 G Comparative recordings with Ag hook electrodes

activity recorded again. However, in this case no action potential was distinguishable,
due to the lack of electrode isolation. In comparison, the 3D electrodes are able
to record from the nerve when immersed in the hemolymph due to the 3D-printed

insulating nerve cuff.
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