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Abstract

Neuroprostheses aim to restore the lost functions after limb amputation or
severe neural injuries. Within a peripheral neuroprosthesis, the interface between
nerve and machine is intended to record neural signals and stimulate populations of
nerve fibers, constituting a bidirectional interface with high selectivity and efficiency.
However, further improvements in functionality are still needed to reach natural-like

capabilities to electrically interact with the nervous tissue.

In this thesis, two main issues that currently challenge the potential use of
neuroprostheses are addressed. Firstly, the ability of the interface to interact with the
nervous tissue depends on its electrical capabilities. Conductive materials with
enhanced properties, including low impedance and high charge injection capacity are
required, for increasing selectivity and durability of the interface. Secondly, after the
implantation of any foreign device into the body, a series of immune processes known
collectively as the foreign body reaction (FBR) are initiated. This process aims to
destroy or isolate the implant from the rest of the organism. Consequently, the
functionality of a device designed to interact with the tissues in which it has been

implanted is compromised.

To improve functionality, a new generation of neural interfaces that replaces
metal electrodes with engineered graphene has been tested. This new device is based
on modified reduced-graphene oxide, named EGNITE (Engineered Graphene for

Neural Interface).

The biocompatibility of EGNITE was validated in vitro and in vivo. Cellular
viability in culture was not affected by the presence of EGNITE. Functional and
histological tests of animals implanted with intraneural devices containing EGNITE
showed similar outcomes to other intraneural interfaces, without evidence of nerve
damage or axonal degeneration. Regarding functionality, electrodes made of EGNITE
in the conductive contacts were able to selectively stimulate and record different
subsets of axons in the sciatic nerve of rats. The threshold for neuromuscular
activation was lower than with larger-sized metal electrodes used in previous studies.
Recording of sensory signals with good discrimination was possible due to the low

signal-to—noise ratio (SNR) of the EGNITE electrodes.

To increase the chronic stability of neural interfaces, metformin was studied
as anovel treatment to modulate the FBR to intraneural implants. Metformin reduced

the capsule formation around the interface. Additionally, the combination of
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dexamethasone and metformin proved to be the most optimal therapy to reduce both

early inflammatory reaction and late fibrotic reaction.

In summary, the graphene-based material (GBM) EGNITE is suitable for
integration with a neuroprosthesis, improving functionality compared to metallic
electrodes. Furthermore, it has been demonstrated that metformin decreased the FBR.
It has also been emphasized that combined therapies targeting different phases of the
FBR may be the most optimal strategy for improving the chronic stability and

functionality of neural interfaces.
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AMPK: Adenosine monophosphate-
activated protein kinase

AS: Active site

BBB: Blood-brain barrier

CDO0: Cluster of differentiation 90
CIL: Charge injection limit

CMAP: Compound muscle action
potential

CNAP: Compound nerve action
potential

CNS: Central nervous system

CSFIR: Colony-stimulating factor 1
receptor

CTL: Control

CXCL4: C-X~-C chemokine receptor
type 4

DAMP: Damage associated molecular
pattern

DEXA: Dexamethasone
DRG: Dorsal root ganglia
Ecad: Epithelial cadherin
ECM: Extracellular matrix

EGNITE: Engineered Graphene for
Neural Interface

ENG: Electroneurography

FAK: Focal adhesion kinase

FBGC: Foreign body giant cell

FBR: Foreign body reaction

FES: Functional electrical stimulation
FET: Field-effect transistor

FINE: Flat interface nerve electrode
GBM: Graphene-based materials
GM: Gastrocnemius medialis

GM-CSF: Granulocyte-macrophage
colony-stimulating factor

Abbreviations

IAP: Inhibitor of apoptosis

Ibal: Ionized calcium-binding adapter
molecule 1

ICAM: Intercellular adhesion
molecule

IPF: Idiopathic pulmonary fibrosis
IFN-y: Interferon y
IL: Interleukin

LIFE: Longitudinal intrafascicular
electrode

LOX: Lysyl oxidase
LOXL: Lysyl oxidase-like
LPN: Lateral plantar nerve
LPS: Lipopolysaccharide
LTB4: Leukotriene B4

MCP-1: Monocyte chemotactic
protein 1

MEA: Multielectrode array

MET: Metformin

MMP: Matrix metalloproteinase
MPN: Medial plantar nerve

NETSs: Neutrophil extracellular traps

NLRP3: Nucleotide-binding
oligomerization domain-like receptor
family pyrin domain containing 3

p-o.: Oral administration

ParC: Parylene C

PB: Phosphate buffer

PCL.: Polycaprolactone

PDGEF: Platelet-derived growth factor
PDMS: Polydimethylsiloxane

PEDOT:PSS: Poly(3,4-
ethylenedioxythiophene):poly(styrene
sulfonate)

PEG: Poly(ethylene glycol)



Abbreviation

PF4: Platelet Factor 4

PFA: Paraformaldehyde

PGA: Polyglycolide

PI: Polyimide

PL: Planar interossei

PLA: Polylactic acid

PNI: Peripheral nerve interfaces
PNS: Peripheral nervous system
PRR: Pattern recognition receptor
PTFE: Polytetrafluoroethylene
PU: Polyurethane

ROS: Reactive oxygen species
RT97: 200 kDa clone RT97

s.c.: Subcutaneous administration
s.i.d.: Once a day administration
SD: Sprague-Dawley

SFI: Sciatic functional index

SI: Selectivity index

SNR: Signal-to—noise ratio

TA: Tibialis anterior

tf-LIFE: Thin-film LIFEs
TGF-f: Transforming growth factor
Th: Helper T cell

TIME: Transverse intrafascicular
multichannel electrode

TLR: Toll-like receptor

TLR4: Bacterial products like toll
receptor 4

TNF-a: Tumor necrosis factor a
USEA: Utah slanted electrode array

VEGEF-A: Vascular endothelial
growth factor A



I1l. Introduction







Introduction

1.Peripheral nervous system

The human nervous system is divided into the central nervous system (CNS),
whose anatomical structures are the brain, the brainstem and the spinal cord, and the
peripheral nervous system (PNS), formed by neurons located in the spinal cord and
ganglia and their axons, which are bundled together within peripheral nerves. The
function of the PNS is to interconnect the CNS with the limbs and the internal organs
ensuring a proper response to extrinsic and intrinsic stimuli. For this purpose, the
somatic and autonomic divisions of the PNS carry bidirectional information to and
from the CNS through afferent sensory and efferent motor neurons respectively. The
somatic system is related to voluntary motor control or sensory awareness whereas
the autonomic system is related to the subconscious, involuntary control of visceral

organs.

Intention from Sensation
the brain to the brain /// // 1
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\
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' f IXed nerve g/

Motoneurons

Figure 1. Somatic nervous system. Motor commands (blue arrows) are transduced from
primary motoneurons in the motor cortex to secondary motoneurons located in the spinal
cord (blue circle) via efferent pathways. Secondary motoneurons connect with skeletal
muscle effectors to produce desired movements. Sensory information (red arrows) from
receptors located in the skin (touch) or muscles (proprioception) is transduced through
sensory neurons whose cell bodies lie in dorsal root ganglia (DRG) (red circles). The sensory
afferent pathway extends to the spinal cord and eventually reaches the somatosensory cortex.
Motor efferent pathways and sensory afferent pathways usually converge into the same tract
(mixed nerves) once outside the spinal cord and the DRG respectively.

In the somatic system, afferent sensory neurons, whose cell bodies lie in the
dorsal root and cranial ganglia, transduce stimuli from receptors located in the skin,
muscles, and joints to the CNS, providing various classes of sensory inputs, mainly

mechanical, thermal, noxious and proprioceptive. Regarding efferent pathways,
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upper motoneurons located in the cortex produce motor commands to lower
motoneurons in the spinal cord that are connected to specific skeletal muscle
effectors. Thus, neural circuitry is set up so that sensory information is integrated into

the CNS, which may elicit adequate responses via motor commands (Figure 1).

The conduction velocity of signals transmitted through the axons of neurons
depends on the diameter of the axons and whether they are myelinated or not. Each
somatic sensory neuron is specified to a sensory modality with a receptive field in the
peripheral tissue (Horch et al., 1977). The intensity of the stimulus is coded by the
impulse frequency and the number of recruited sensory afferents. Afferent sensory
axons can be myelinated or unmyelinated. Efferent somatic motor fibers are
myelinated alpha-motor fibers, which innervate skeletal extrafusal muscle fibers, and
gamma-motor fibers, which innervate the muscle spindle. The spinal alfa-motor
neuron and the muscular fibers it contacts define the motor unit. The increase in both
the number of motor units recruited and the frequency of impulses to each motor unit
results in a progressive contraction of each muscle. The physiological recruitment of
motor units depends on their size. Smaller motor units are fatigue-resistant and are
activated first while larger motor units are activated later, are easily fatigued, and only

activated if strong force is required (Henneman et al., 1965).

Afferent and efferent axons, belonging to hundreds or thousands of neurons,
are bundled together and surrounded by connective tissue to form the peripheral
nerves. The epineurium, perineurium, and endoneurium are the three supporting
sheaths surrounding peripheral nerves. The epineurium, the outermost layer, contains
the blood vessels supplying the nerve and is made of loose connective tissue. The
perineurium surrounds each fascicle in the nerve and is composed of perineurial cells
and collagen fibers, which are responsible for the tensile strength and flexibility of the
nerve. The endoneurium fills the gap between the nerve fibers within the fascicle with
fibroblasts, collagen, and other extracellular matrix (ECM) components. Finally, each
axon is surrounded by the basal lamina forming the endoneurial tubes, in which axons
are accompanied by Schwann cells, that can either myelinate or just surround them

(Figure 2).
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Figure 2. Nerve structure. The nerves are organized into three layers surrounding the axons.
The epineurium is the outermost layer, followed by the perineurium that encloses each nerve
fascicles. Within each fascicle, axons are surrounded by the endoneurium and accompanied
by Schwann cells. Schwann cells can form insulating myelin sheaths around axons
(myelinated axons), which increase the speed of action potentials spreading. Although
unmyelinated axons do not possess this myelin sheath, they are enveloped by cytoplasmic
invaginations of Schwann cells.

Most peripheral nerves are mixed, providing motor, sensory and autonomic
innervation to the corresponding projection territory. Nerve fibers are gathered in
fascicles, which are somatotopically and functionally arranged (Hallin, 1990). Along
the course of a nerve, the fascicular architecture varies, including the eventual
formation of branches that innervate different targets (muscular, cutaneous or

visceral) (Brushart, 1991; Boretius et al., 2010).

Spinal cord and peripheral nerve injuries, among other neural disorders,
produce a partial or total loss of motor, sensory and autonomic function in distal
organs. Although the PNS possesses a complex and coordinated mechanism of

regeneration, its success depends upon several factors such as the severity of the
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lesion. To further expand intrinsic regeneration capabilities, several surgical
strategies have been developed to repair the injured nerves (Navarro & Verda, 2004).
However, axons reconnection to previous specific target organs is far from optimal,
particularly after a complete nerve transection. Misdirection of regenerating axons,
the formation of a neuroma, the chronic denervation and the atrophy of target organs
due to the slow rate of axonal regeneration hampers functional restoration (Sulaiman
& Gordon, 2013). In the case of limb loss due to amputation or congenital,

reinnervation is dismissed.

2.Neuroprostheses

Neuroprostheses are capable of partially restoring or replacing body functions
lost after injuries by employing appropriate electrodes implanted in the brain, spinal
cord, peripheral nerves, or muscles. These electrodes are also called neural interfaces.
Neuroprostheses designed to interface the nervous system follow two main
approaches depending on the patient's condition. If the connection between the CNS
and the target organ is no longer available, but the muscles responsible for the lost
action are still preserved, e.g., spinal cord injuries, brain injuries or neurodegenerative
diseases, functional electrical stimulation (FES) systems (Figure 3) have been
developed to artificially stimulate the remaining organs or nerves attempting to mimic
physiological actions (Marquez—Chin & Popovic, 2020). If the organ is not preserved,
i.e., amputation, the missing part of the body is replaced with a bionic prosthesis that
is linked to the electrode, bypassing the motor and sensory signals between the CNS
and the bionic prosthesis (Figure 3). In peripheral neuroprostheses, the electrode
implanted in the nerve records motor inputs from motor efferent axons to control the
movement of the bionic prosthesis. The electrode also receives sensory inputs from
artificial sensors located in the bionic prosthesis that are codified into electrical pulses
exerted by the electrode that travels to the CNS. Proper somatosensory feedback is
key to gaining natural and dynamic control of the prosthesis, thus increasing
functionality and embodiment. Otherwise, patients must rely on visual cues to track
the actions of the prosthesis (D’Anna, et al,, 2019). Although the transmission of
information between the artificial limb and the patient can relay in the PNS or the

CNS, peripheral nerve interfaces (PNI) show a reduced invasivity in comparison with
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central implants, due to peripheral nerves being more accessible, and may allow easier
topographical discrimination. Moreover, provided that most peripheral nerves
contain both motor and sensory fibers, one single device can be useful for both

recording motor information and providing somatosensory feedback.

Bionic prosthesis FES system
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Figure 3. PNS neuroprostheses. Bionic prostheses: A neural electrode located in the nerve
becomes the interface to connect the PNS with a robotic limb. The neural electrode records
motor information from the patient to control the movements of a bionic limb. Also, the neural
electrode provides sensory feedback by stimulating the nerve, based on sensory information
(touch, pressure, temperature) collected from artificial sensors in the bionic limb. FES
system: A neural electrode located in the nerve becomes the interface to bypass an injury in
the CNS that has severed communication between the brain and the distal organ. The neural
electrode stimulates non-injured motor axons to produce specific movements. Also, the
neural electrode records sensory information from the limb coming from sensory axons. This
information may be sent to another electrode in the brain to provide conscious sensory
feedback or to the same peripheral electrode to readjust stimulation protocols based on the
recorded sensations.
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3.Peripheral nerve electrodes

Taking into consideration the part of the interface that is implanted, the
electrode is formed by three main components: a substrate, the conductive electrical
tracks, and the active sites (AS). The substrate gives the electrode its shape and should
be electrically inert; it has to resist the implantation procedure and should show high
biocompatibility once in contact with the tissue. The most used materials are silicone,
polyimide (PI) and parylene (Navarro et al, 2005). The conductive tracks of the
electrode are embedded within the substrate and transmit the current between the
tissue interface and the machine. The ASs are the uncovered parts of the electrode
where the communication between the nervous system and the artificial system takes
place (Figure 4). These ASs should be able to deliver enough current to stimulate
adjacent axons and to detect extracellular neural signals with respect to the
surrounding noise. The most used materials for electrode ASs are gold, platinum and
iridium oxide, and they can be coated with different materials, e.g., carbon nanotubes
or poly(3,4- ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)
(Yoshida Kozai et al, 2012), to improve the injected charge available and the

impedance.

In a neural electrode that is implanted around or within a peripheral nerve,
each AS can stimulate at the same time motor and sensory axons, or different types of
sensory axons inducing undesired responses and mixed unpleasant sensations.
Indeed, one of the most important features of a peripheral nerve electrode is its ability
to selectively interface different axonal populations conveying distinct functions in a
common nerve (Tyler & Durand, 2002) and with the best possible long-term
performance. The number and distribution of ASs within the electrode surface
increase the probability to specifically stimulate and/or record different groups of
axons and thus linking different and complementary actions (Badia et al, 2011a)

(Figure 4).
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Figure 4. Nerve electrode structure. The conductive material is embedded in the substrate
material. The active sites are the exposed portions of the conducting material where
stimulation and recording (double arrows) of the nervous tissue occur. The conductive
electrical tracks are electrically insulated from the tissue and connect the active sites with the
rest of the electrical circuit.

Extracellular stimulation of the nervous tissue

An electrical field is generated when a difference of potential is applied
between two electrodes. The voltage-gated sodium and potassium channels of the
nearby nerve fibers are opened by this electric field. An action potential is produced
and transmitted away from the stimulation site once sufficient channels to surpass
the threshold potential have been opened. Action potentials generated in the motor
fibers will ultimately cause the neuromuscular junction to release acetylcholine,
which will then lead to the innervated skeletal muscle being excited and contracting.
In contrast, action potentials produced in sensory axons will translate into sensory

inputs and will be conducted along the sensory pathways to upper structures.

The threshold of stimulation is the minimum current required to elicit an
action potential and is modulated by a) The separation between the axon and the AS
providing the current; the farther the AS is from the axon, the greater the current
needed to activate the nerve fiber (Ranck, 1975). b) The resistance of the nerve fiber
to the electrical flow; larger axons are the first to be activated, due to the high density
of voltage-dependent ion channels, in a phenomenon called inverse recruitment (Blair
& Erlanger, 1933). The intensity, duration, and frequency of the applied stimuli are
additional significant parameters to establish the stimulation threshold and the

resulting input (Gorman & Mortimer, 1983). For example, an inverse relationship
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exists between pulse intensity and duration; as the amplitude of the pulse increases,

the duration required to stimulate the fiber decreases and vice versa (Bostock, 1983).

The ability of an electrode to be selective in stimulation will be given by the
ability to stimulate different populations of axons from each of its ASs. Whether this
population is activated or not, depends on the threshold of stimulation which
ultimately relies on their distance from the AS and on the size of the stimulated fiber.
Therefore, to increase selectivity, extensive understanding of the topographical
structure of the implanted nerve is essential to guide the placement of the electrode
(Badia et al, 2010). When evaluating the selectivity achieved with a particular
electrode design, it is usually expressed as the ratio of the specific response obtained
after stimulation with respect to other responses relying on the same nerve (Veraart

etal,, 1993a; Badia et al., 2011a).

Extracellular recording of nerve signals from nerve fibers

At a given point along its path, an action potential shifts membrane potential
due to a change in ion concentrations across the neuron membrane. When the action
potential continues along the axon, the flow of ions across the membrane stabilizes at
that point and the membrane potential remains at rest. Thus, an AS placed nearby an
action potential can record the differences in membrane potential between this AS
and another which acts as a reference electrode placed sufficiently separated to not be

affected by the same action potential.

The magnitude of the potential sensed depends on a) The relative position of
the electrode to the axons; voltage amplitude decays with distance from the current
source (Gold et al., 2006). b) The impedance of the tissue between the axon and the
electrode, and the impedance of the electrode-electrolyte interface; impedance
represents the ease with which electric current passes through the tissue and across
the electrode-electrolyte interface. For example, the impedance of the epineurium is
greater than that of the endoneurium. Thus, an electrode above the epineurium will
record a smaller nerve signal than an electrode below the epineurium. Likewise, the
smaller the AS area, the higher the electrode-electrolyte interface impedance.
Electrode surface modifications such as pores are made to increase electrochemical

surface area without increasing geometrical area (Raspopovic et al., 2020). ¢) The
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synchronization of nerve signals; when many axons are activated at the same time by
mechanical, chemical, or electrical stimulation the summed current results in a larger
signal (compound nerve action potential, CNAP). However, spontaneous signals
resulting from natural sensory stimuli typically fire asynchronously. Hence, these
signals recorded from the nerve activity (electroneurography, ENG) are characterized
by low amplitude and high frequency compare to compound nerve signals (Tyler et al,

2015).

The SNR is the amplitude of the signal of interest concerning the noise and its
consideration is fundamental to obtaining high-quality signals. Nerve signals are
weak, ranging from 10 to 100 pV within microns of the axon. Therefore, they are easily
outweighed by nearby muscle contractions and thermal and shot noise from the
recording circuitry. Accordingly, recording requires a very low-noise and high-gain
amplifier system. To increase the SNR, ASs should be close to the activated axons and

the impedance of the electrode should be minimum (Raspopovic et al., 2020).

To further increase SNR the recording may be processed with the right
frequency filters to decrease the input of unwanted signals. For example, low
band-pass filters can eliminate EMG signals that typically peak around 300 Hz and
high band-pass filters can eliminate thermal or shot noise. Consequently, ENG signals
are analogically filtered between 1 and 3 KHz (Raspopovic et al,, 2020), which is

included in the range of frequencies of neural signals (Haugland et al., 1994).

Types of peripheral nerve electrodes

Different types of electrodes have been designed to interface the PNS. A widely
accepted criterion for the classification of the different types of neural electrodes
(Figure 5) relies on how they are implanted in the nerve and they interface peripheral
axons (Navarro et al, 2005). In this regard, extraneural electrodes are implanted
outside the nerve, around the epineurium, showing a reduced selectivity as they will
be able to stimulate or record only the most superficial axons. The more invasive
intraneural electrodes are implanted transversally or longitudinally within the
endoneurium, thus in closer contact with the axons of the nerve, offering an enhanced

selectivity. Finally, regenerative electrodes are implanted between the stumps of a
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sectioned nerve implying the most significant level of invasivity but with higher

potential selectivity than the other interfaces.
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Figure 5. Electrodes to interface the PNS according to their selectivity/invasiveness ratio.
Electrodes are classified depending on how they are implanted in a peripheral nerve:
extraneural, intraneural and regenerative. Extraneural: (A) Cuff, (B) FINE and (C) Split ring
electrodes. Intraneural: (D) LIFE, (E) TIME and (F) USEA electrodes. Regenerative: (G)
Sieve, (H) Microchannel and (I) Double aisle electrodes (see text for abbreviations).

Surface electrodes

The easiest solution to interface the nervous system is to place an electrode on
the body surface and stimulate the target tissue or record its electrical activity. Indeed,
transcutaneous electrical stimulation through surface electrodes is still the most used
technique to activate nerves or muscles (Keller & Kuhn, 2008), whereas applications
that record electrical activity such as electromyography, electrocardiography and
electroencephalography have been used in the clinic for more than a century. These
electrodes are easy and cheap to fabricate. However, since the skin presents a high
impedance barrier, correct positioning and fixation of the electrodes on the target are
essential for the electrode to operate as well as an electroconductive gel to reduce

resistance (Guo et al., 2020).
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Surface electrodes have been used to activate muscles (either via direct
activation of the muscle tissue or through the motor nerve) to induce complex wrist
and hand movements similar to functional tasks relevant to daily living in tetraplegic
patients (Bouton et al, 2016; Ajiboye et al, 2017), FES systems such as foot drop
correction (Wieler et al., 1999) in people suffering hemiplegia, or to stand and walk a
few steps (Graupe & Kohn, 1997) in paraplegic patients. On the other hand, surface
electrodes have been also applied to activate afferent sensory fibers to induce
conscious sensations (Kaczmarek et al, 1991) and to provide sensory feedback in
patients wearing myoelectric prostheses (Dosen et al, 2014) and neuroprostheses
(D’Anna, 2019). However, a comparison between sensory feedback (electrotactile
stimulation) provided through surface or intraneural electrodes in patients wearing a
prosthesis has shown that intraneural feedback can deliver more significant
information and patients perform better in different motor tasks than when feedback

is provided through the skin (Valle et al., 2020)

Extraneural electrodes

For neural interfaces that are implanted in direct contact with the nerve,
extraneural electrodes show a low level of invasiveness among the different types of
electrodes. The surgical procedure for the implant is less complicated than for other
designs, making them easier to handle and safer to position, becoming an ideal option
for different biomedical applications (del Valle & Navarro, 2013). On the other hand,
as these electrodes are not in contact with fibers situated deep inside the nerve, mostly
large myelinated fibers located at the outermost layer can be interfaced (Badia et al,

2011a).

Cuff electrodes: A cuff electrode is based on an open cylinder or a spiral sheath

of insulating material that is wrapped around the nerve with ASs exposed in the inner
part facing the nerve. These electrodes induce almost no tissue disruption and nerve
inflammation is kept to a minimum, although they can induce some compression and
reshaping of the implanted nerve. The robustness of these devices in combination
with the relatively simple method of fabrication (McCarty, 1965) and the reduced size
and thickness of polymer cuffs (Stieglitz et al., 2000) supports that a high number of
FES systems and neuroprosthetic applications use cuff electrodes to stimulate or

record from peripheral nerves (del Valle & Navarro, 2013). Multichannel cuff
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electrodes (Figure 5A), with ASs disposed in tripoles, allow the selective stimulation
of different nerve fascicles, each one supplying a different muscle or target (Veraart et
al, 1993a; Rodriguez et al., 2000). Provided that the selectivity of these electrodes is
lower in comparison with intrafascicular or regenerative interfaces (Badia et al., 2011a),
multiple cuff electrodes can be implanted in one or several distal nerves in order to

achieve a higher degree of selectivity.

Flat interface nerve electrode (FINE): A variation of the cuff electrode is the

FINE electrode (Figure 5B). This device is implanted by applying a small pressure on
the nerve, reshaping the nerve into a flattened geometry. The change in shape allows
the fascicles to align, approaching the surface, decreasing the distance from the ASs
to central fascicles, thus improving selective interfacing (Tyler & Durand, 2002;
Leventhal & Durand, 2003). However, it should be taken into account that too much

reshaping force applied on the nerve may result in nerve damage (Tyler & Durand,

2003).

Both cuff and FINE electrodes implanted in the median, radial and ulnar nerves
of patients showed that these interfaces allowed to deliver the subjects sensory
feedback for up to two years, reproducing the natural perception areas and the
innervation pattern of the interfaced nerves (Tan et al,, 2015). Moreover cuff electrodes
have been shown to remain functional for more than ten years after implantation for
stimulating motor axon populations without significant changes in the amount of

current needed for recruitment (Christie et al., 2017).

On the other hand, it should be taken into account that the epi—/perineurium
has a high impedance that decreases the quality of the nerve signals that can be
recorded (Raspopovic et al,, 2017). Hence, while cuff electrodes have been used for
stimulation and also for recording from experimental animal nerves (Haugland et al,
1994; Raspopovic et al,, 2010), there are not many studies in humans using cuff

electrodes as bidirectional interfaces in neuroprostheses.

Regarding FES systems, while surface electrodes are preferred for their
easiness of use and affordability, cuff electrodes offer better long-term outcomes
(Popovi¢, 2014). These electrodes can be used for chronic stimulation and/or
recording nerve activity (Haugland & Hoffer, 1994; Hoffer et al,, 1996) to serve as the

link between the nervous system and FES applications. For instance, cuff electrodes
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can record somatic or autonomic nerve signals to trigger an external device that will
perform a particular action and can also stimulate a nerve that will produce the
desired outcome. In this regard, cuff electrodes have been implanted in the peroneal

nerve to lift the foot in FES systems for the correction of foot drop (Waters et al., 1975).

Split ring electrode: Other extraneural electrode designs have been reported in

the literature. The split ring electrode (Figure 5C) is formed by a PI or parylene-C
(ParC) stripe that adopts an open hoop shape with sharp inside projections
containing the ASs (Xue et al,, 2015; Lee et al., 2017). In the implantation, the split ring
is opened and placed embracing the nerve and using the projections to push into the

nerve achieving tight contact (Xiang et al., 2016).

Intraneural electrodes

Intrafascicular electrodes are the current standard of intraneural interfaces in
neuroprosthetic applications. They are implanted crossing epineurial and perineurial
layers to be placed within the endoneurium. As their ASs are in close contact with a
restricted subset of axons, they offer better selectivity than extraneural or
interfascicular electrodes. Indeed, they need lower intensity for stimulation since they
are not affected by the insulating properties of the epi- and perineurium, show lower
crosstalk with the adjacent fascicles, and offer an increased SNR ratio for neural
recordings (Micera et al., 2010). However, a more intimate contact between the
interface and the axons may produce more nerve damage and encapsulation reaction
that can interfere with the function of the electrode (Micera et al., 2008; Yoshida, et
al, 2010).

Intraneural electrodes have been used to control neuroprostheses and
re—create sensory feedback in human amputees, to pilot a wheelchair, or to command

virtual robotic devices among other applications (del Valle & Navarro, 2013).

Longitudinal intrafascicular electrode (LIFE): LIFEs (Figure 5D) are inserted

longitudinally into individual nerve fascicles, to lay in-between and parallel to the
nerve fibers (Lawrence et al., 2004), providing high interfascicular selectivity as they

interface a limited group of axons within a given fascicle.

Several versions of LIFEs have been used in cats and rats to stimulate motor

fibers and to record nerve signals elicited after stimulation of the skin and joints
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(Malagodi et al., 1989; Yoshida & Horch, 1993; Navarro et al., 2007). Thin—film LIFEs
(tf-LIFE) were implanted in the median and ulnar nerves of a human amputee to
control an advanced robotic hand. The ENG motor signals registered through the
electrodes implanted in both nerves were stable during the implant, allowing to
perform independent types of hand grip with the prosthesis for one month. The
different electrodes could stimulate sensory fibers to evoke discrete tactile sensations

and decreased unpleasant phantom limb sensations up to 10 days (Rossini et al., 2010).

Provided LIFE electrodes are implanted in a nerve fascicle, they may obtain
high selectivity as they interface only nerve fibers within the implanted fascicle
leaving non-implanted fascicles unstimulated. However, targeting multiple fascicles
is needed to perform a wide variety of actions and induce sensations related to

different body territories.

Transverse intrafascicular multichannel electrode (TIME): The TIME

(Figure 5E) is similar to the PI tf~LIFE, but it is designed to be implanted transversally
into the nerve in order to access different nerve fascicles with a single device (Boretius
et al,, 2010). Just like the tf-LIFEs, TIMEs display a symmetrical configuration with
ASs facing both sides of the electrode. The TIME was shown to allow good spatial
resolution by traversing the entire nerve, and better inter- and intrafascicular
selectivity than cuff or LIFE electrodes (Badia et al,, 2011a). TIMEs have been used to
record nerve signals from different subsets of fibers in various fascicles and to
stimulate distinct motor fibers to activate several muscles innervated by distinct
branches of the nerve or even by axons within the same fascicle (Boretius et al., 2010;
Badia et al, 2011a; Badia et al, 2016). Experiments in rodents demonstrated the
biocompatibility of TIME implanted for months, without nerve damage or functional
loss, giving room for further human chronic implants (Badia et al,, 2011b; Wurth et al,,

2017).

An iteration of the TIME is the self-opening intrafascicular neural interface
(SELINE). The body of the electrode incorporates four wings that can open
transversely after the insertion offering a second dimension of contact between the
electrode and the nerve. Therefore, more axons from different fascicles can be
interfaced while the wings anchor the device to the nerve, reducing micromotions of
the electrode within the endoneurium and decreasing potential fibrotic encapsulation

and further electrical insulation (Cutrone et al., 2015).
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TIMESs have been used to recreate bidirectional feedback in human amputees
(Raspopovic et al, 2014). The main goal was not only to record motor complex
information to command an advanced neuroprosthesis (Cipriani et al., 2011), but also
to allow the patients to feel what they were holding with the artificial hand without
visual clues. After electrical stimulation of afferent fibers with implanted TIMEs in
median and ulnar nerves, the patient was able to perceive different sensations referred
to appropriate areas of his phantom hand and, after some training, to differentiate
between hard and soft objects using a prosthetic hand. In this sense, the sensory
feedback provided by TIME from the information gathered by sensors in the
prosthesis allowed for a closed-loop control of the neuroprosthesis, improving the
accuracy of task performance (Raspopovic et al., 2014; Valle et al., 2018) and even
providing proprioceptive sensations with finger position information (D’Anna et al,

2019).

Multielectrode arrays (MEA): The MEA consists of an array of tens of needles

transversely inserted into the nervous system (Rutten et al,, 1999). The high number
of electrical contacts in each device allows interfacing multiple axonal groups with
high selectivity. However, MEAs may generate neural damage produced not only by
the stiff structure of the electrodes, but also by the injury caused during the insertion
of the many electrode tips. An evolution of this design is the Utah slanted electrode
array (USEA), in which the needles have varying lengths to reach nerve fascicles at

different depths (Figure 5F), thus offering a 3D interface (Branner et al.,, 2001). Newer
versions of these arrays include a higher density of electrodes per area (up to 25 per
mm?) (Wark et al,, 2013) and more flexible devices aimed to decrease nerve damage

after implantation (Byun et al., 2017; Kang et al., 2019).

MEAs have been mainly used as micro interfaces to record neural signals from
the brain cortex, allowing communication of paralyzed patients with computers,
robotic assistive devices or even their own limbs (e.g. through FES systems) during
years after implantation (Hochberg et al., 2012; Ajiboye et al., 2017). Studies in human
amputees have also shown that USEAs implanted in the median and ulnar nerves can
record motor nerve signals, which can be used to actuate the movements of a
simulated robotic hand, and to stimulate nerve afferents for evoking sensory percepts
in the phantom hand, thus enabling the closed-loop control of virtual limbs

(Wendelken etal., 2016, 2017). The nerve damage and subsequent inflammation caused
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by the electrodes inducing axonal injury, deposition of fibrotic tissue around the
implant and release of corrosive substances, which might have damaged the ASs, were
the suggested reasons for this decline in electrode functionality (Christensen et al,,

2014, 2016).

Regenerative electrodes

Regenerative electrodes are implanted in the gap between stumps created
after a peripheral nerve section. As the axons of the PNS retain the ability to
regenerate after axotomy, they grow through or along the regenerative electrode, thus

making intrinsic new contacts with the ASs placed along the regenerative guidance

scaffold.

Sieve electrode: The first report of a regenerative electrode was the sieve

electrode, composed of an array of via holes with electrodes built around them and
where small populations of axons could grow (Mannard et al, 1974). The sieve
electrode design has evolved over the last decades from rigid materials to the highly
flexible substrate of PI (Figure 5G), strongly improving its usability. Although no
studies in humans have been reported to date, long-term studies in rats and cats have
shown that sieve electrodes are able to record neural activity after mechanical
stimulation of the skin in the paw (Lago et al., 2006; Panetsos ¢t al., 2008). Long-term
studies for a sieve electrode implant showed that axonal regeneration was not
complete after 12 months. Moreover, the diameter of the axons and the myelin
thickness did not recover to basal values after 12 months (Lago et al,, 2005) and some
fibers appeared with signs of degeneration (Lago et al, 2006). In this sense, the
transparency of a regenerative electrode (i.e., the ratio between the open area that
axons can grow through versus the total cross—section area of the electrode) and the
diameters of the holes in which the axons need to grow, play an important role.
Transparencies that are too low or narrow channels may hamper nerve regeneration
and impair the interface (Navarro et al., 1996; Wallman 2001). On the other hand, too

large channel size would decrease the selectivity.

Microchannel electrodes: An evolution of sieve electrodes is the microchannel

electrodes (Figure 5H) in which the transparency is increased by providing wider
channels for the axons to grow (Srinivasan et al., 2015). In this case, the axons grow

via thin narrow parallel tubes with embedded electrodes. To improve axonal
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regeneration, specific cues can be included within the microchannels, making it

possible to specify a certain path for a specific axonal population (del Valle et al,, 2018).

Double-aisle regenerative electrode: Other concepts of regenerative electrodes

are the regenerative scaffold electrode (Clements et al.,, 2007) and the double-aisle
regenerative electrode (Figure 51) (Delgado-Martinez et al., 2017). These designs take
transparency to its limit as the interface is a planar surface longitudinally placed
within a regenerative tube, allowing axons to grow through much wider space, hence
diminishing the possible compression of the nerve. With this approach regenerating
axons can grow on each compartment of the device, allowing the maximal selective

interfacing independent nerve branches (Delgado-Martinez et al., 2017).

4.Foreign body reaction

After the implantation of any medical device, the immune system triggers a
healing process. The FBR is a subset of processes within wound healing that occurs
specifically when outside elements are within the injury. Restoration of tissue
homeostasis is the outcome of both processes; however, this is not always possible.
The wound healing as well as the FBR depend on multiple factors. A standard
sequence of events following the implantation of a device is characterized by acute
inflammation, chronic inflammation, and the tissue remodeling phase. These phases

are described in detail in the following sections and summarize in Figure 6.
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Figure 6. FBR following biomaterial implantation. Proteins from serum adsorb to the
material surface crating a provisional matrix to which inflammatory cells attached.
Chemoattractant factors released by activated platelets, endothelial cells, injured tissue cells
and mast cells recruit circulating inflammatory and infiltrate the tissue by diapedesis eased
by the increased capillary permeability. Neutrophils are the first cells involved in the innate
immune reaction followed by macrophages. In the acute inflammation, macrophages acquire
a proinflammatory (M1) phenotype once in the tissue. Macrophages secrete cytokines to
foster macrophage recruitment and to attempt to phagocyte/degrade the foreign body. If the
biomaterial remains, the course of inflammation progresses to its chronic stage in which
macrophages also play a leading role. During this period, some macrophages fuse to form
FBGC, multinucleated cells with superior phagocytic capacity. Over the weeks, macrophages
begin to polarize to their anti-inflammatory phenotype (M2) and to recruit fibroblasts
capable of generating a new ECM (capsule) that will surround the implanted material. Under
the effect of profibrotic factors and mechanical stimuli, fibroblasts mature into myofibroblasts
that remodel the existing ECM. Due to remodelling, more profibrotic factors trapped in the
ECM are released, which enhance fibrosis. As a result, the capsule becomes more compact,
thus isolating the implant from the rest of the body. During the FBR, numerous immune cells
secrete angiogenic factors to increase the flow of cells to the site of damage and to support the
newly formed tissue. The involvement of the adaptive immune system (Thl, Th2, dendritic
cells) in the FBR is not entirely clear, however its production of cytokines seems to be the
main polarizing force of macrophages.
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Acute inflammation

Provisional matrix

Just after the surgical damage due to implantation, vasodilation of the local
blood vessels and increased permeability of the capillaries allows leakage of large
quantities of fluid into the interstitial space. Injured cells and resident-tissue immune
cells secrete several molecules such as histamine, bradykinin, serotonin or
prostaglandins that initiate the inflammation and repair processes, while an increased
amount of fibrinogen and other proteins initiate the clotting of the extravasated

plasma to stop possible hemorrhage. (Hall & Edward, 2011).

In a few minutes after implantation of a device, plasma components from the
blood of damaged vessels, including albumin, fibrinogen, fibronectin, vitronectin,
gammaglobulins, lipids, sugars and ions, are rapidly and spontaneously adsorbed on
the implant surface (Mariani et al, 2019). This provisional matrix attached to the
implant surface conditions the biocompatibility of the implant in future steps
resulting in different outcomes in the long term. Subsequently, the composition of this
provisional matrix will change depending on the affinity that the different
components have for the surface of the implanted device, in a process known as the

Vroman effect (Vroman, 1988).

The characteristics of the material can modify the type of matrix that is
attached to the material. For example, anti-fouling materials are preferred because
they reduce non-specific protein adsorption (DiEgidio et al,, 2014). Although both
hydrophilic and hydrophobic materials can exert anti-fouling features, more
prominence has been given to the former due to its better biocompatibility (He et dl,
2021). Hydrophilic materials are covered by a hydration layer which prevents protein
adsorption whereas hydrophobic materials prompt hydrophobic interaction with
proteins. Therefore, the average unfolding of a protein is larger on hydrophobic
surfaces. Notably, hydrophobic portions of biological molecules are universal
damage-associated cues that may exacerbate the immune response (Moyano et al,

2012).

Once deposited, the provisional matrix drives the interaction body-material

(Hirsh et al,, 2013). The ideal material would be that which produces a matrix with the

29



Introduction

least immunogenic capacity, reducing the immune response to the biomaterial and

therefore increasing its biocompatibility.

Cellular infiltration

Systemic innate immune cells are recruited by chemoattractant factors such as
transforming growth factor (TGF-[), platelet-derived growth factor (PDGF),
CXCL4 (Platelet Factor, PF4), leukotriene (LTB4), interleukin-1 (IL-1) and
histamine released from activated platelets, endothelial cells, injured tissue cells and
mast cells. (Anderson, 2008; Mariani et al, 2019). These chemical signals attract
circulating cells to the wound site and infiltrate into the tissue by diapedesis helped

by the increased capillary permeability.

Neutrophils are the first and predominant cells to reach the damaged area after
lesion and bind to adsorbed proteins of the provisional matrix by means of (32
integrins (Anderson, 2008). Toll-like receptor (TLR) and pattern recognition
receptor (PRR) also activate neutrophils in presence of bacteria components or dead
cell residues (Ode Boni et al, 2019). However, due to the short life expectancy of
neutrophils (24-48h) and a shift in chemotactic factor profile orchestrated by
neutrophils that secrete chemoattractant 11-8 and pro-inflammatory cytokines
IL-1B3, tumor necrosis factor a (TNF-a) and IL-6 (Ode Boni et al., 2019), monocytes

become the main cellular component in a subsequent phase (Anderson & Jiang, 2016).

Once in the tissue, monocytes differentiate into macrophages in two major
phenotypes, M1 and M2, in response to the specific microenvironment. Ml
macrophages exhibit a proinflammatory profile to debride the wound along with
neutrophils. M2 macrophages become significant towards the resolution of wound
healing by secreting anti-inflammatory molecules. Monocytes differentiate under the
influence of interferon y (IFN-y), TNF-a, granulocyte-macrophage colony-stimulating
factor (GM-CSF), bacterial products like toll receptor 4 (TLR4)-binding
lipopolysaccharide (LPS), azurocidin, lactoferrin and other TLR ligands (Herrero-
Cervera etal, 2022). Of these, IFN-y is the main cytokine inducing the
pro-inflammatory M1 phenotype and the main Thl cell product (Scatena et al,, 2016).
Monocytes/macrophages adhesion to the provisional matrix is provided by means of
integrins B1, 32 and B3, which bind fibronectin, laminin, intercellular adhesion

molecules (ICAMs), complement fragment C3bi, fibrinogen and vitronectin along
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with other RGD domain containing extracellular proteins (Anderson, 2008). After
biomaterial-cell interaction, neutrophils and macrophages become activated and
attempt to destroy/degrade the biomaterial through phagocytosis, proteolytic
enzymes, and reactive oxygen species (ROS) released by cytoplasmic granules
(Labow et al,, 2001). Neutrophils also release neutrophil extracellular traps (NETSs),
fibrillar nets made of granular proteins, neutrophil elastase, and chromatin (Sperling
etal., 2017). Excessive production of NETs favors thrombogenesis, increasing platelets
adhesion and activation which reinforce pro-inflammatory cytokines and
chemokines production, ultimately amplifying the recruitment of M1 macrophages
and causing chronic inflammation. The hostile inflammatory environment created by
macrophages and neutrophils may cause biomaterial to breakdown or degrade

conveying to the leaching of toxic species into the tissue from underlying layers.

Assuming that the phagocytic cells successfully degrade and phagocytose the
biomaterial, the acute inflammatory process would come to an end and the
appropriate mechanisms would be activated to return homeostasis to the tissue. Some
medical devices are meant to degrade after they have carried out their therapeutic
function, thus avoiding chronic inflammation. For example biodegradable scaffolds
for tissue regeneration (Bitar & Zakhem, 2014) or some regenerative conduits for
guiding peripheral nerve regeneration (Pierucci et al., 2008). Instead, other devices are
designed to carry out their therapeutic role for long periods. Generally, these medical
devices are too large to be internalized (>5 pm) (Anderson & Jiang, 2016), so cells can

not phagocytize them and the FBR transitions into its chronic stage.

Chronic inflammation

Chronic inflammation refers to a prolonged inflammatory response
characterized by the simultaneous destruction and repair of the tissue. Monocytes,
macrophages, and lymphocytes are most commonly associated with toxicity or
infection, whereas in the FBR macrophages and foreign body giant cells (FBGCs) are
the main cells implicated. Blood vessel proliferation and the development of
connective tissue are common to both inflammation processes and normal wound
healing (Anderson & Jiang, 2016). A short duration of this phase is expected with

biocompatible materials, however, prolonged periods of inflammation (weeks,
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months or even years) may suggest infections, release of toxic products from the

biomaterial or implant micromotion within the tissue.

Macrophages play a critical role in the chronic inflammatory phase and in the
FBR to implanted biomaterials. Due to their phenotypic diversity and, therefore, their
variety in released products, macrophages show pro-inflammatory, anti-
inflammatory and tissue remodeling functions. As commented in acute inflammation
classical classification of macrophages includes M1 (proinflammatory) and M2
(anti-inflammatory, regulatory, pro-resolutive) macrophages. Even though further
characterization of macrophages has led to the description of several subtypes
(Scatenaetal., 2016; Krzyszczyk etal., 2018), the classical classification helps to explain

the different phases of chronic inflammation.

Pro-inflammatory M1 macrophages define the first stage of chronic
inflammation characterized by IL-13, TNFa and IL-6 cytokines release, as well as
inflammatory factors, such as various CXCL and CCL chemokine ligands, ROS, NO
and matrix metalloproteinase (MMP-2 and MMP- 9) (Krzyszczyk et al,, 2018). M1
macrophages also secrete vascular endothelial growth factor A (VEGF-A), which
participates in the early and later stages of the FBR inducing the formation of
neovessels that maintain cell recruitment (Dondossola et al, 2016). A pro-
inflammatory environment enhanced by M1 macrophages along with their phagocytic
activity cleans the wound to allow tissue regrowth. M2 macrophages appear towards
the end of the inflammatory response and contribute to finishing and resolving
inflammation, stimulating healing and restoring tissue homeostasis, characterized by
proper vascularization and little or no fibrosis (Scatena et al, 2016). Stimulated by
IL-4, IL-10 and IL-13, M2 macrophages express high levels of the mannose receptor
(CD2006), dectin-1 and secrete IL.-10 and TGF-f3. A defective transition from the M1
proinflammatory environment to a more M2 anti-inflammatory milieu is believed to
contribute to the impairment in tissue repair in chronic wounds (Krzyszczyk et al,

2018).

Although temporal changes in M1/M2 ratio is recognizable in normal wound
healing, both macrophage phenotypes are concurrently observed in the
tissue-material interface in the FBR (Moore & Kyriakides, 2015; Scatena et al., 2016).

Macrophages are sensitive to different materials changing their phenotypic profile
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(Jones et al., 2007), which may modify the overall biocompatibility of the implanted
device. For example, biomaterials with a persistent M1 pro-inflammatory
macrophage response have been associated with scar tissue formation, encapsulation,
and seroma formation. On the contrary, biomaterials that elicit an M2 pro-remodeling
macrophage phenotype after the MI response promote stem cell
recruitment/proliferation and constructive tissue remodeling with less fibrotic scar
(Brown et al., 2012; Scatena et al., 2016). Consequently, several attempts have been
made to determine the result of the FBR, shifting the M1/M2 balance, administering
drugs or tunning the characteristics of the material itself. However, strategies to
promote either the M1 or M2 phenotypes of macrophages will not necessarily be
successful because of the complexity of the involvement of both phenotypes in fibrotic

reactions (Witherel et al.,, 2019).

As commented above, implanted biomaterials are usually too large to be
internalized by macrophages. In an attempt to increase their phagocytic capability,
several macrophages fuse to form FBGCs, large polynucleated cells that are a hallmark
of chronic inflammation and specifically of the FBR (Anderson & Jiang, 2016; Mariani
et al, 2019). Cell-cell fusion of macrophages depends on the acquisition of fusion
competency, cell migration towards each other and cytoskeletal rearrangement.
Those processes are conditioned to the presence of the mast cells cytokines, IL-4 and
IL-13 but many other factors participate in macrophage fusion. These include
monocyte chemotactic protein 1 (MCP-1), matrix metalloprotease 9 (MMP-9),
epithelial cadherin (ECad), cell surface receptors and membrane proteins (DAP12,
MR, CD44, CD47, DC-STAMP, tetraspanins), signal transducers (Racl), and the
matricellular protein osteopontin (Scatena et al, 2016). FBGCs release similar
degradative and chemoattractive factors than macrophages. Besides the superior
phagocytosis capabilities of these cells, little is known about other additional
functions that they may have compared to macrophages. In addition, even if the
FBGCs are capable of engulfing larger particles, generally, the biomaterial will remain
impossible to phagocyte due to its size compared to cells. Consequently, FBGCs will
adhere to the surface of the biomaterial, forming a barrier between the tissue and the

device that eventually may lead to the impairment of implant function.
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Tissue remodelling phase

The final stage of wound healing is the formation of new tissue to restore the
damaged area. Depending on the localization and severity, wound healing will differ
from full tissue restoration to larger areas of fibrosis. In the FBR associated to
non-degradable biomaterials, cells cannot completely reconstitute the original
architecture. Instead, a scar tissue or fibrotic capsule is formed to isolate the
biomaterial from the body (Anderson & Jiang, 2016). Granulation tissue, a hallmark
of the healing inflammation, is identified by the presence of macrophages, fibroblasts

and vascular endothelial cells and it is the previous step to the formation of scar tissue.

High and constant influx of TGF-3 secreted by M2 macrophages foster the
recruitment of fibroblasts which synthesize first proteoglycans and collagen to
remodel the ECM (Anderson & Jiang, 2016). Mechanical signals of the newly formed
ECM, TGF-f and PDGF favor the transition from fibroblast to myofibroblast, cells
with both fibroblast and smooth muscle cell phenotypic features which participate in
matrix remodeling as well as in capsule contraction in later steps. Besides its superior
collagen synthesis, myofibroblasts remodel the ECM, which activates latent
profibrotic factors trap in the ECM that enhance fibroblast recruitment (Wiptt et dl,
2007). Fibroblasts recruited from nearby connective tissue are the main source of
myofibroblast (Anderson & Jiang, 2016). Excessive secretion by fibroblast and
myofibroblast results in the undesirable fibrotic deposition of ECM. Besides greater
ratio of I/III collagen is associated with a greater fibrotic tissue formation (Mariani et
al, 2019). Angiogenesis is also promoted through VEGF-A secreted by different

immune cells.

The overall result of this process is the formation of a fibrotic capsule around
the biomaterial which cannot be eliminated from the body. The thickness of the
fibrotic capsule is related to the biocompatibility and the physical properties of the
implanted material. For example, circular shapes (Matlaga et al, 1976) and smaller
implants (Veiseh et al., 2015) result in a lesser FBR. Even though, a fibrotic capsule may
or may not have a positive impact on the implant depending on its function. Thus, de
la Oliva, (2018d) suggested a classification regarding the intended function of the
implants: 1) implants with an acute or temporal function (e.g., tissue regeneration), in
which the material should be degradable and disappears before the encapsulating

phases of the FBR are triggered; 2) implants with a chronic supporting function (e.g.,
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joint replacement), which should have excellent durability, and 3) chronic implants
intended to interact with the tissue (e.g., sensors, neural interfaces, electrodes), in
which little or no encapsulation should occur to ensure its chronic functionality

(Boddupalli et al., 2016).

The adaptive immune system

The immune system follows two strategies to defend the body, innate and
adaptive immunity. Innate immunity concerns non-specific mechanisms to identify
and remove foreign substances through the action of monocytes, macrophages,
polymorphonuclear cells and some lymphocytes. Adaptive immunity refers to specific
mechanisms carried on by lymphocytes (B and T cells) which take more time to
develop. Although the innate immune system is the main orchestrator in the
progression of the FBR (Rodriguez et al., 2007), the existence of a cross—talk between
innate and adaptive immune cells has been pointed out. However, the exact role of the

adaptive immune system remains contradictory and unclear.

Cells involved in adaptive immunity have been found in the FBR. Dendritic
cells, which are the main antigen-presenting cells to T cells, bridge the gap between
the innate and adaptive immune systems. T cells activate other immune cells, kill
infected host cells, and regulate the immune response. A subset of T cells expressing
CD4 are helper T cells (Th) which under specific signals differentiate into Thl, Th2,
Thl7 and Treg exerting different functions. B cells are primarily recognized for their
ability to produce antibodies and are activated by their own antigen-recognition

receptor.

Antigen—dependent (Wang et al, 2022) and independent pathways
(Rodriguez et al., 2007) have been proposed to explain role of the adaptative response
in the FBR to non-phagocytosable implants. The presence of T cells in the early
(Brodbeck et al., 2005; Gretzer et al., 2006) and later stages (Chung et al., 2020) of the
FBR has been confirmed. In the early response to pathogens, T cells are recruited in
an antigen—independent way due to the expression of appropriate adhesion molecules
that drives them to the inflammation site. Hence, this mechanism could also take place

in implanted materials (Murphy & Weaver, 2017; Adusei et al., 2021).

35



Introduction

Regardless of how the activation of the adaptive pathway occurs, it
participates in the FBR. For example, IFN-y, which is secreted by Thl cells, participates
in the differentiation to M1 macrophages and the fusion of macrophages into FBGCs is
supported by cytokines production (I1-4 and I11-13) of mast and Th2 cells.
Additionally, surface chemistry, wettability, topography and charge of biomaterials
can shift the dendritic cell state towards immunological tolerance or activation
(Wang et al., 2022). Nevertheless, although some animal models lacking components
of the adaptive immune system have shown an attenuated FBR, in most cases the FBR

remains unaltered (Kyriakides et al., 2022).

FBR in nervous tissue

Although FBR is a common set of processes, there are some differences
depending on the tissue where it occurs, for instance, CNS is an immune-privileged
site with its own immune cells. Thus, the specific features of the host response to

implantable devices in the CNS and differences with the PNS will be discussed below.

Central nervous system

After the implantation of a biomaterial in the CNS, microglial cells in the
vicinity become activated, sending long projections toward the injury site (Kozai et dl,
2012). In the first 24 hours, a great number of microglia cells migrate to surround the
implant followed by astrocytes with a response that becomes robust over several days
(Szarowski et al., 2003). Blood-brain barrier (BBB) disruption due to implantation
also allows systemic monocytes to migrate (Ravikumar et al., 2014). Release of blood
and plasma contents such as albumin, globulins, fibrin/fibrinogen, thrombin, plasmin,
complement, and hemosiderin from the disrupted BBB foster the recruitment of
activated microglia, macrophages, and astrocyte activation. Brain tissue response to
injury is also characterized by the release of chemical factors (e.g., TNF-a, IL-1, IL-6,
MCP-1, and TGF-@) (Ghirnikar et al,, 1998). The continued presence of an implant
and the impossibility of cells to destroy it by phagocytosis and other proteolytic
molecules causes the chronification of inflammation rather than the initial surgical
damage during implantation (Polikov et al, 2005). Micromotion of the electrode,
persistent BBB leakage, and mechanical compliance mismatch between electrodes and

brain tissue also sustained this persistent response. Chronic inflammation in the CNS
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is characterized by the encapsulation of the implanted devices, forming the so-called
glial scar, to hamper the progression of tissue damage and isolate the foreign body
(McCreery et al., 2016). After one-week microglia and astrocytes can be seen covering
an area approximately 3-4 times the size of the injury. At two weeks, the cellular
distribution appears to represent distinct, segregated layers with microglia close to
the implant and astrocytes wrapping the microglia layer. Finally, from 4 to 12 weeks,
both layers become more compact and localized (Szarowski et al., 2003). FBGCs are
also present but it is not clear whether macrophages coming from systemic circulation
and microglial cells fuse indistinctly to form those multinucleated cells (Moss et al,,

2004; Géllentoft et al., 2016).

Peripheral nervous system

Unlike the CNS, the PNS does not have a specific population of immune cells,
so the FBR develops similarly to other tissues. As described above, the implantation
of biomaterials triggers a process of three main phases: the recruitment of leukocytes
in the acute phase, proliferation and chronification of inflammation when the foreign
body remains inside the nerve and deposition of a fibrotic capsule around the implant
which is part of the tissue remodeling process. Macrophages play a leading role during
the entire wound healing process and the FBR. Recent transcriptomic analyses have
allowed the discrimination of three populations of macrophages during wound
healing: systemic monocytes that differentiate into macrophages in the nerve, nerve
resident macrophages of the perineurium and nerve resident macrophages of the
endoneurium that are in contact with axons. Although it is not completely clear the
exact role of each macrophage population, in a mouse model of sciatic nerve crush
injury it was shown that macrophages derived from monocytes were numerically
dominant and drove the nerve repair. However, the endoneurium resident
macrophages were activated first, increasing their production of monocyte-attracting
chemokines. In contrast, epineurium resident macrophages remained quiescent
without major changing in their transcriptomic signature. After functional recovery,
the remaining macrophages inside the nerve adopt a PNS macrophage profile (Amann
& Prinz, 2020; Ydens et al,, 2020). It is uncertain, though, whether the same would
happen in the FBR, considering that different injuries can lead to different

macrophage involvement.
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Different studies have described the nerve tissue response to implanted
extraneural (Leventhal et al, 2006; Christensen & Tresco, 2018), longitudinal (Lago et
al., 2007) and transversal (Badia et al., 2011b; de la Oliva et al., 2019) electrodes and also
to multielectrode arrays (Christensen et al., 2014, 2016). An extensive characterization
of the FBR to intraneural implants can be found in the reports made by Navarro’s
group (de la Oliva et al., 2018b; de la Oliva 2018c) and Wurth and colleagues (Wurth
et al,, 2017). After implantation in rat sciatic nerve, macrophage infiltration increases
gradually between day one to one-two weeks, followed by a progressive decline in the
next weeks or months. Similarly, FBGCs population increases at 2 weeks but is
maintained until 8 weeks. Inflammatory cells were still present in the chronic stage
compared to intact nerves even after 8 months. The capsule appears soon around the
devices, acquiring maximal thickness at 2 weeks. At that time, the capsule is mainly
composed of inflammatory cells. From 2 weeks onward, the capsule undergoes
remodeling, transitioning to a more acellular composition. This transition
corresponds to the clearance of immune cells, marking the end of the inflammatory
phase. By week 8, fibroblasts and collagen are already visible around the implant. The
capsule may be stabilized or increased at different stages depending on the material
implanted. Lastly, cellular infiltration and capsule development timings are not only
determined by the tissue but also by the material implanted. In this regard, specific
characterization of FBR to each material and implant should be done to apply the best
strategy to reduce FBR. Otherwise, physical isolation, increased impedance and
neural loss due to FBR and encapsulation will reduce long-term functionality by a
progressive decay in signal recording and stimulation capabilities (He &

Bellamkonda, 2007; Grand et al., 2010).

5.Biocompatibility of neural electrodes

Although a significant breakthrough has been seen in the technology of neural
implants (Kostarelos et al., 2017; Cutrone & Micera, 2019), the body's response against
these devices reduces their potential. Accordingly, strategies to weaken the FBR
based on immunosuppression or non-immunogenic materials were developed.
However, the FBR cannot be fully ablated since it is part of an innate set of basic

reactions to fight against pathogens and recover from wounds. To complement these
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strategies, new approaches are aimed at creating materials that interact with the
components of the innate immune system to modulate the immune response and to

further reduce implant complications derived from FBR (Mariani et al., 2019).

Although biocompatibility is usually thought of as a property linked to the
intensity of the body response to the biomaterial, we have also to consider the implant
function. In this sense, biocompatibility is related to the ability of an implant to carry
out the task for which it has been designed, causing an appropriate reaction in the
body (Anderson, 2008). The biocompatibility of a device is determined by numerous
factors, from the physicochemical properties of the implanted material (shape, size,
surface molecules, Young's modulus), the organ where it is engrafted, the function it
has to carry out and the way it is implanted (speed, surgical approach) (He &
Bellamkonda, 2007). Implant materials must also be resistant to delamination,
corrosion, breakage, and failure of interconnections. Moreover, none of the implanted
materials should generate or leach any form of chemical products, such as oxidative

species or solvents (Patrick et al., 2011; Szostak et al.,, 2017).

Biomaterials

Based on their origin, biomaterials can be classified as naturally or
artificially- derived. Naturally-derived materials from endogenous origin or that keep
similar structure to endogenous compounds, are biocompatible and degradable.
Besides, they can integrate with the surrounding tissue, through cellular activities
such as cell attachment and cell-cell communication. Nonetheless, special caution
must be taken to xenogenic materials which can elicit adverse immune responses.
Some naturally-derived materials, used for neural implants, are collagen, gelatin,
chitosan, hyaluronan, heparin, alginate, silk, agarose and fibrin (Brovold et al., 2018). A
more recent approach makes a profit from decellularized tissue matrices which
through a set of physical and chemical steps reduce antigen load and preserve ECM
native architecture whose proteins are highly conserved across species (Badylak et al,,
2009). These natural scaffolds are mainly used to contribute as a mechanical support

that favors infiltrating cells to support regenerative processes (Contreras et al., 2022).

The properties of artificially-derived materials frequently stand in opposition

to naturally-derived materials. They may elicit immune response and offer a lower
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ability for cell interaction, but their physicochemical and mechanical characteristics
can be more easily adjusted. Besides, the increased stability of artificially—derived
materials, makes them suitable for long-term application. Polymeric materials such
as polyglycolide (PGA), polylactic acid (PLA), polycaprolactone (PCL), polyurethane
(PU) or polytetrafluoroethylene (PTFE) are the most widespread in the field of neural
applications. Metal (stainless steel, cobalt alloys, titanium) and ceramic (glass,
aluminum oxide, zirconium oxide, calcium phosphate) materials are mostly used in
orthopedics and dentistry and as part of composite materials, consisting of two or
more types of materials (Hassler et al,, 2011), as well as enclosing cover for electronic

devices.

A neural interface is generally composed of a non-conductive material which
is the substrate for a conductive material, that will transmit the electrical pulses. All
the components that make the neural interface must be taken into account when
assessing biocompatibility, although, certainly, the surface occupied by each one will

also determine the intensity of the body response.

Conductive materials

Metals are commonly used as conductive materials located in recording and
stimulation ASs and in the conductive tracks along the device. Gold, platinum,
tungsten, and iridium are found overall safe and are regularly used in biomedical
applications. Silver, silver/silver-chloride, pure iron, cobalt, palladium, and copper are
considered toxic, as they provoke immune response and may release toxic elements
(Szostak et al., 2017). Neural prostheses functionality relies on their ability to
interface neurons. Thus, the smaller the recording and stimulation AS, the more
selective the stimulation of axons or neurons and the recording of electrical activity.
However, size and impedance are inversely proportional, so smaller ASs able to record
from small fields, are noisier, exhibiting worse recording quality (Viswam et al., 2019),
and are also less functional because they release small amounts of stimulating current
comparing to large ASs (Negi et al., 2012). To decrease the size of ASs without
worsening stimulation/recording quality due to increased impedance, metallic
materials performance is enhanced when combined with other materials such as
conductive polymers (Green & Abidian, 2015) or when their effective geometrical

surface is increased (Brunton et al., 2015). Conductive polymers should show
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biocompatibility, fast charge transfer and may be functionalized with nano- or
drug-releasing structures. Other nanostructured materials such as platinum black,
platinum grass, carbon nanotubes or GBMs are roughened or functionalized to
increase electrical performance (Pigeon et al., 2003; Chung et al., 2015). For example,
carbon nanotubes have a significantly increased surface area and hence improve
charge storage capacity and injection limit to efficiently and safely deliver current to

the tissue (Szostak et al., 2017).

Substrate materials

The other critical component of chronically implantable interfaces is the
dielectric or insulation layer which is the substrate where conductive material is
deposited. Dielectrics prevent electrical shunting or attenuation, ensuring that
electrical current travels unimpeded through the conductor. They should have a low
dielectric constant and no capacitance, allowing small electrical traces to be packed
close together (Wellman et al., 2018). Regarding mechanical properties, the material
must be flexible and soft to reduce the mechanical mismatch between the device
implanted and the host nervous tissue (Young's modulus ranging between 100 Pa and
10 kPa (Kostarelos et al,, 2017)). Insulator materials may also serve as passivators by
protecting conductor materials from undesirable physicochemical reactions (Won et
al., 2018). Some commonly employed insulating-supporting materials include silicone

or polydimethylsiloxane (PDMS), P, ParC, and SU-8.

PI represents a class of polymer of imide monomers. It is a good candidate for
flexible neural implants due to its good chemical and mechanical durability, low water
uptake and electrical insulation properties (Rubehn & Stieglitz, 2010). Good
biocompatibility (Stieglitz et al, 2000) and stability over long-term studies in vitro and
invivo has been addressed (Rubehn & Stieglitz, 2010; Wurth et al., 2017). However, it
has a high Young’s modulus (around 5 GPa for thin PI-based devices (Kostarelos et gl
2017)), which may decrease its biocompatibility and integration in the tissue.
Different PI-based designs have been developed for PNS (Rodriguez et al, 2000;
Stieglitz, 2001; Lago et al., 2007; Boretius et al,, 2010) and CNS applications (Stieglitz
et al, 1997; Rousche et al, 2001), being the most used substrate for intraneural

electrodes in the last decades. The first systematic in vitro evaluation of commercial P1
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dates back to 1993 (Richardson et al 1993). Although PI is generally characterized as
biocompatible, the formulations and manufacturing processes are not always the
same. As a result, PI has variable characteristics that can affect its biocompatibility

and stability (Constantin et al., 2019)

Graphene—based materials for neural electrodes

Graphene is a two-dimensional nanomaterial with a single carbon atomic
layer (Novoselov et al., 2012). Since its discovery, interest in graphene has grown
considerably, leading to the development of GBM with varying chemical
compositions (pristine graphene, oxide graphene, reduced oxide graphene) and
three-dimensional structures (sheets, nanotubes). Neural electrodes may take
advantage of this unique combination of features, including high electrical
conductivity, chemical stability, flexibility and biocompatibility (Devi et al., 2021; Wei
& Wang, 2021). To understand how GBM could become a breakthrough in neural
electrodes for interfacing external prosthetic devices, first, it is worth knowing the
technological challenges that must be overcome. There are two main features for a
neural electrode to consider, as indicated above: the electrical characteristics of the
electrode that determine its ability to stimulate and record from the nervous system;
and the biocompatibility that determines its integration and stability within the

tissue.

Electrical characteristics

Current clinical technology of neural implants is mostly based on
millimeter-scale metallic electrodes. However, the control of prosthetic devices relies
on selectiveness, meaning stimulating and recording small populations of neurons
without activating or recording neighboring populations. This has led to the
miniaturization of neural electrodes. For neurostimulation, a minimum level of charge
needs to be injected through the electrode to elicit a functional response. The injection
capacity of an electrode depends on the electrolytic double-layer capacitance and on
its charge injection limit (CIL). Some GBM such as porous reduced graphene oxide or
3D graphene forms, dramatically improved current injection capacity maintaining
stimulation capabilities with electrodes of small size (Apollo et al., 2015; Lu et al., 2016).

Likewise, when the dimension of a recording electrode is reduced, its impedance
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increases, hampering signal recording due to increased noise. In this case, electrode
materials with a high double-layer capacitance, such as graphene, may be used
(Kostarelos et al, 2017). Furthermore, as graphene is a semiconductor, recording
sensors can be fabricated on a field—effect transistor (FET) configuration, based on
the modulation of the transistor current induced by the electrical activity in the
vicinity of the transistor gate (Hess et al,, 2011). In this configuration, the biological
signal is amplified which reduces the sensitivity to external noise. Besides, the number
of transistors that fit into an array is higher compared to systems that use electrode
configuration, increasing spatial resolution. The exceptional transconductance of
graphene, which enhances FET's amplification capabilities and its low impedance,

leads to recordings with a high SNR (Kostarelos et al., 2017).

Biocompatibility

Any implantable device triggers the FBR. To minimize this process, implanted
materials should be biocompatible. Given that graphene exists in many forms, each
variant biocompatibility should be studied individually. Nevertheless, GBM used for
neural electrode applications has been tested in vitro and in vivo proving its
biocompatibility (Convertino et al,, 2018; Nguyen et al,, 2021). Furthermore, graphene
can be easily integrated into flexible substrates (Apollo et al, 2015) to balance the
mechanical mismatch which plays a significant role in the intensity and duration of
inflammatory and healing processes after implantation (Lacour et al, 2016).
Electrochemical reactions at the electrode-electrolyte interface can impact
biocompatibility, for example, acidifying the medium. These reactions occur when the
stimulation is produced by faradic mechanisms that involve redox reactions between
the electrode and the tissue (Cogan, 2008). Fortunately, some GBM, e.g., porous
reduced graphene oxide, have a high charge injection capacity, which increases the
amount of current that can be delivered to tissue without irreversible reactions (Lu et

al, 2016; Wei & Wang, 2021).

Besides its electrical characteristics and biocompatibility, other aspects make
graphene attractive. The transparency of graphene allows the combination of
stimulation/recording capabilities with other techniques such as calcium imaging
(Kuzum et al, 2014), fluorescent microscopy and optogenetics (Park et al, 2014).

Functional modifications on graphene are performed to expand their application.
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Altering graphene composition by adding functional groups such as amino, carboxyl,
hydroxyl, alkyl halogen, azide or 3D structuring (John et al, 2015) can enhance
electrical properties, increase biocompatibility (Devi et al, 2021) or open the
possibility of conjugating therapeutic compounds onto graphene surface to develop
local drug delivery systems (Sun et al, 2016). For instance, anti-inflammatory
molecules, such as dexamethasone, attenuated inflammatory response on coated
neural probes (Zhong & Bellamkonda, 2007). Therefore, graphene and GBM have the
potential to enhance neural interfaces applicability. Nevertheless, very few studies
have been made on chronic in vivo results from graphene-based electrodes (Garcia-
Cortadella et al,, 2021). Long-term stability and functionality are key for this material

to become a real therapeutic strategy.

6.Strategies to reduce the FBR

Material—based

To date, no material has completely avoided the FBR or the formation of the
fibrotic capsule surrounding implanted devices. Ideally, these materials should be
inert or non-recognizable by the body to avoid host response. The shape, porosity, or
size, among other properties of the implants, affect the progression and outcome of
the FBR (Figure 7). Thus, by altering the characteristics of the materials, it is possible

to enhance the biocompatibility of implantable devices.

Biomaterial surface coatings that mimic the body tissue may inhibit
undesirable interactions while allowing favorable binding. Hydrophobic
phospholipids, an integral part of the cell membrane have been incorporated with
polymers, to elicit a more favorable inflammatory response. For example, in vitro
protein adsorption of PMB (poly(2-methacryloyloxyethyl phosphorylcho-
line(MPC)~-co-n-butylmethacrylate(BMA)s)  phospholipid ~polymers showed
decreased protein adsorption, decreased macrophage-like HL-60 cell adhesion and

less IL-1(3 expression, a common pro-inflammatory M1 marker (Sawada et al., 2003).

Hydrogels are made of polymers exhibiting non-biofouling properties and can
be produced in a wide range of Young’s moduli. Softer hydrogels have been proven to

reduce macrophages activation invitro and promote a less severe FBR invivo compared
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to stiffer ones which highlights the importance to minimize the mechanical mismatch
between implanted devices and tissues (Blakney et al,, 2012). Poly(ethylene glycol)
(PEG) and PEG-based copolymers are the most common for neural interface
applications (Rao et al., 2011; Heo et al,, 2016). However, PEG has exerted undesired
effects in vivo including oxidative damage and the generation of anti-PEG antibodies
(Barz et al., 2011; Shiraishi & Yokoyama, 2019). Zwitterionic polymers are yet another
hydrogel,  including  poly(carboxybetaines),  poly(sulfobetaines),  and
poly(phosphobetaines). Surfaces decorated with zwitterionic molecules bind water
molecules more strongly than PEG due to electrostatically induced hydration (Wu et
al, 2012). Thus, the formation of a hydration layer prevents hydrophobic interactions
of proteins and lipidic membranes of cells with the polymer surface which explain the
ultralow nonspecific protein and cell adhesion of these materials (Liu et al., 2016).
Zwitterionic hydrogels induced less collagen deposition and shifted the macrophage
population to pro-regeneration M2 phenotype, delaying FBR for 3 months in a
subcutaneous implant in mice (Zhang, Cao, et al, 2013). More recently, in vitro
experiments showed reduced fibroblast and macrophage adhesion on PI substrates
used for neural interfaces coated with soft hydrogel zwitterionic (Trel et al., 2018). In
addition, silicon-coated zwitterionic brain implants reduced the microglia activation
and improved BBB integrity, suppressing the acute inflammatory brain tissue
response (Golabchi et al., 2019). Even though zwitterionic coatings seem promising,
more invivo studies are required. More importantly, a link between reduced FBR and

improved electrode functionality in terms of stimulation and recording must be

established.

Protein or peptide coatings have also been used to modulate FBR. For example,
ECM-based coatings serve as a biomimetic substitute for native ECM in the brain.
Since ECM is a natural hemostatic and immunomodulatory agent, implants coated
with ECM from different sources accelerate the coagulation cascade and suppress
macrophage activation after CNS implants. Moreover, the astrocyte-based coating
reduced the severity of astrogliosis 8 weeks following MEA implantation.
Nevertheless, it fails to significantly influence the intensity or spatial distribution of
FBR (Oakes et al., 2018). Righi et al. (2018) designed a laminin-derived peptide coating
for PI thin—film electrodes for PNS application. In vitro analysis demonstrated its

capability to support adhesion, differentiation and sprouting of neuronal and
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peripheral glial cells while reducing fibroblasts contamination, which are the main

cells contributing to capsule deposition.

Drug—based

Locally drug delivery systems such as microspheres, nanoparticles, hydrogels,
or microspheres—hydrogel composites have also proved an effective reduction of FBR.
These systems provide a constant and direct drug influx limited by scatfold
degradation. Bioactive molecules such as cytokines or anti-inflammatory drugs can

be incorporated within the material or delivered through microfluidic systems.

Locally released dexamethasone to attenuate inflammation, FBR and to
improve functionality has been addressed by several researchers in CNS (Spataro et
al, 2005; Kim & Martin, 2006; Zhong & Bellamkonda, 2007; Mercanzini et al., 2010).
However, the improvements produced by dexamethasone were not maintained over
time, probably due to the drug source exhaustion (Zhong & Bellamkonda, 2007).
Focally release of anti-inflammatory drugs in peripheral nerves has been exploited for
nerve regeneration and for cuff and regenerative peripheral interfaces (Park et al.,, 2015;
Fitzgerald, 2016; Heo et al, 2016; Elyahoodayan et al, 2020). However, little is
published for intraneural electrodes in peripheral nerves. The small nerve size of most
common animal models shrinks its applicability. Nevertheless, size mismatch may be
attenuated in larger animal models or humans. Regarding systemic administration,
dexamethasone reduced the number of glial cells forming the glial scar around
penetrating cortical implants (Spataro et al, 2005). In the PNS, capsule thickness
reduction was seen in intraneural implants after 2 weeks of systemic administration.
This reduction was maintained for 6 weeks more without any drug administration
(de la Oliva 2018c). Besides, long-term improved functionality of transversal
intraneural electrodes was demonstrated after 12 weeks of daily dexamethasone

administration (de la Oliva et al,, 2019).

Minocycline, a second-generation antibiotic belonging to the tetracycline
family, has been shown to have a neuroprotective and anti-inflammatory effect
(Yrjéanheikki et al,, 1999). One week of oral administration of minocycline improves the

functionality of multi-channel microwire neural implants after 1 month (Rennaker et
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al, 2007). Likewise, local administration reduced microglial and astrocyte activation

in neural invivoimplants (Liu et al.,, 2017; Holmkvist et al., 2020).

More recently, local delivery of the nucleotide-binding oligomerization
domain-like receptor family pyrin domain containing 3 (NLRP3) inflammasome
inhibitor MCC950, through its incorporation into silicone coating, reduced the
inflammation and fibrosis associated with both sciatic nerve implants and

subcutaneous implantable devices (Barone et al,, 2022).

Finally, note that choosing the type of drug release system is not a trivial issue.
Local administration elicits a more specific and less toxic response in the area
surrounding the interface although the long—term release of drugs is still challenging.
Besides, technical issues arise in PNI, which are limited by nerve size. In contrast,
systemic administration has a higher chance of pleiotropic effects which may be
detrimental. Moreover, to reach a good concentration at the implant site, a higher
concentration of drugs may be administered, expanding toxicological issues. Yet,
systemic administration is easier to apply as does not require implant modification
and allows for better control of dosage, timing, and the combination of different FBR

modulatory drugs.
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Figure 7. Strategies to reduce the FBR. Material-based strategies tune the physicochemical
properties of materials to increase biocompatibility and reduce the FBR. Drug-based
approaches relay on the systemic or local released of therapeutic compounds to modulate
FBR.

Other strategies

Beyond the realm of neural implants, new approaches to hamper the
progression of pathological fibrosis are being investigated. Although wound healing
in biomaterial implantation and subsequent scar formation differs from fibrotic
diseases such as idiopathic pulmonary fibrosis (IPF), systemic sclerosis and liver
fibrosis among others, the identification of therapeutic targets could be exploited for

decreasing fibrosis to neural implants.
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Macrophages balance

Classically activated macrophages (M1) encourage inflammation and are
crucial in the first steps of wound healing clearing dead cells and debris. However,
persistent, or dysregulated M1 presence can lead to chronic inflammation, fibrous
capsule deposition, and implant rejection resulting in unsuccessful biomaterial
integration. In contrast, alternatively activated macrophages (M2) lead to
inflammation resolution, vascularization to encourage tissue repair and the

integration of the biomaterial.

MI macrophages are considered mainly detrimental for the development of
fibrosis (Lis-Lopez et al., 2021). Thus, shifting macrophages’ phenotype towards a
pro-resolutive have positive effects in reducing scar tissue (Gower et al., 2014; Jain et

al., 2015; Minardi et al., 2016; Yao et al., 2020).

Conversely, other studies addressed fibrosis amelioration after polarization of
MI macrophages. Pulmonary delivery of pro-inflammatory TNF-a to mice, triggered
lung fibrosis resolution by reprogramming M2 macrophages to M1 (Redente et dl,
2014). Similarly, inhibition of human recombinant colony-stimulating factor 1
receptor (CSFIR) (Hamilton et al,, 2014) by Nintedanib decreased M2 polarization in
vitro (Bellamri et al, 2019). Regardless M1/M2 phenotypes, CSFIR neutralizing
antibody prevented radiation-induced lung fibrosis by depletion of interstitial
macrophages (Meziani et al., 2018). Another inhibitor of CSFIR, GW2580, was shown
to suppress FBR in both rodents and non-human primates for months. GW2580 was
locally administered through compact, solvent-free crystals that were coated on top
of implantable devices such as a glucose sensor and a muscle stimulator among others.
Even more, they reported better functionality of the muscle stimulator after 2 weeks
(Farah et al,, 2019). In summary, several macrophage phenotypes have been identified
to participate differentially in the fibrotic development. However, whether a given
phenotype worsens or ameliorates fibrosis is often controversial (Lis-Lopez et dl,

2021).
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Anti—fibrotic drugs

Delivery of anti-fibrotic drugs may also decrease fibrotic capsule deposited by
fibroblast. Unfortunately, quite a few studies have tested satisfactorily this approach

on neural implants (de la Oliva et al., 2018¢c).

Most therapies are intended to decrease TGF-[3 expression or interfered with
its downstream signaling pathway (Rho-associated kinase, nTOR, Wnt, Hedgehog
and Notch) as it is an important fibrotic inducer (Rosenbloom et al., 2013; Li et al., 2017;
Lotti et al, 2017; Walton et al., 2017). Pirfenidone (Antoniu, 2006), SM305 (Ishida et al,,
2006), SIS3 (Jinnin et al., 2006), metformin (Rangarajan et al.,, 2018) and LDE223 (Horn

et al, 2012) are promising options that have reduced fibrosis in several diseases.

PDGF targeting by tyrosine inhibitor kinases (imatinib, sorafenib and
sunitinib) also has been used to hamper fibrosis. These strategies attenuate the
fibrotic progression in the liver (Westra et al., 2014), lung (Daniels et al., 2004), kidney
(Sugimoto et al., 2012) and skin (Distler et al., 2007).

Myofibroblasts

In normal wound healing, myofibroblasts undergo apoptosis upon completion
of tissue repair. By contrast, excessive organ fibrosis in pathologic wound healing is
sponsored by myofibroblasts resistance to apoptosis (Thannickal & Horowitz, 2006;
Fattman, 2008). Actually, apoptosis in myofibroblasts is not inhibited, and neither
myofibroblasts are resistant to it. Myofibroblasts are primed for apoptosis, however,
they are tightly controlled by pro-survival biochemical (TGF-f1 and PDGF) and
biomechanical factors (matrix stiffness), that keep myofibroblasts on the brink of
death (Hinz & Lagares, 2020). Consistently, blockage of pro-survival signaling
mechanism including protein kinase pathways (PI3K/AKT) (Liang et al., 2014; Saito et
al, 2017), focal adhesion kinase (FAK) (Lagares et al,, 2012; Kinoshita et al., 2013) and
Rho-associate kinase (Bond et al., 2011; Zhou et al., 2013; Hutchings et al., 2017) and
inhibitors of apoptosis (IAPs), particularly pro-survival BCL-2 family (Jafarinejad-
Farsangi et al.,, 2015; Moncsek et al., 2017; Pan et al,, 2017) have been proved to ameliorate

fibrosis in several models.

Another approach to stimulate myofibroblasts clearance upon resolution of

wound healing is to induce de-differentiation of persistent myofibroblasts into a more
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quiescent fibroblast or proto-myofibroblast. These cells produce less ECM and are

more susceptible to apoptosis mechanisms (Penke & Peters—-Golden, 2019).

Some regulators of myofibroblasts de-differentiation have been identified
(PGE2, MyoD, NRF2) (Yang et al., 2014; Sieber et al., 2018; Penke & Peters—-Golden,
2019). Indeed, the reversibility of myofibroblasts has already been demonstrated in
vitro (Artaud-Macari et al,, 2013; Garrison et al., 2013; Sieber et al., 2018; Nagaraju et dal,
2019). However, the anti-fibrotic effect on invivo models has not yet been investigated,
therefore whether myofibroblast de-differentiation is still a viable therapeutic

strategy is under doubt.

Towards the end of wound healing some myofibroblasts acquire an
ECM-degradation fibroblast phenotype which is associated with an increased
expression of ECM~degrading enzymes such as plasmin, MMP-14 and cathepsin K
(Biihling et al,, 2004; Zigrino et al., 2016). Although YAP-TAZ inhibition has been
implicated in the acquisition of ECM degrading phenotype of fibroblast (Liu et al,,
2015), the exact reprogramming process by myofibroblasts turn into fibroblast is not
known. Additionally, Wohlfahrt et al. (2019) reprogrammed pro-fibrotic fibroblast
into resting fibroblast upon inhibition of the transcription factor PU.l. More

importantly, they addressed fibrosis regression in a mouse model of systemic sclerosis.

Inhibition of extracellular matrix cross—linking

ECM cross-linking stabilizes the matrix and promotes resistance to
proteolysis (Ricard-Blum et al,, 2018). In addition, fibroblast and myofibroblasts
activation as well as evasion of apoptosis are increased, possibly due to enhanced
matrix stiffness and integrin-mediated signaling (Lagares et al., 2012; Reed et al., 2015;
Philp et al., 2018; Schulz et al, 2018). This process is mediated by transglutaminase
enzymes and lysyl oxidase (LOX) or its homologs, lysyl oxidase-like (LOXL)
enzymes. Inhibitions of these molecules have been strongly related to decreased
fibrosis in numerous models (Barry—Hamilton et al,, 2010; Olsen et al., 2014; Martinez—~
Martinez et al, 2016; Harlow et al, 2017; Tkenaga et al, 2017; Bellaye et al, 2018).
Nevertheless, an inhibitor of LOXL2, previously tested in a bleomycin-induced IPF

mouse model, did not ameliorate fibrosis in patients (Raghu et al., 2017).
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Hypothesis and objectives

The applicability and functionality of an electrode designed to interface with
the PNS depends on several factors. Among the most important are the design
(extraneural, intraneural, or regenerative) and shape, the materials used for
manufacturing, and the biocompatibility and safety once implanted. Intraneural
designs offer a good trade-off thanks to a reduced invasiveness and a good selectivity
in stimulating and recording the PNS compared to extraneural and regenerative
electrodes. However, further improvements in functionality are still needed to reach
a natural-like capability to electrically interact with the nervous tissue. Equally
important is the decrease in functionality due to the FBR, which hampers the chronic

usability of the electrodes.

This thesis is based on two hypotheses:

e The invivo functionality of intraneural electrodes can be enhanced by using a
novel GBM.

e The chronic stability of intraneural electrodes can be improved by modulating

the FBR using anti~-inflammatory and antifibrotic drugs.

To address these aims, the thesis has been divided into three chapters with the

following specific objectives:

Chapter 1. Biocompatibility evaluation of novel graphene-based intraneural

electrodes.

e To evaluate the invitro biocompatibility of graphene-based devices.

e To assess the in vivo biocompatibility of novel graphene-based intraneural
devices implanted in the sciatic nerve of rats through functional and

histological tests.

Chapter 2. Novel graphene-based electrode for interfacing the peripheral

nervous system.

e To characterize the ability of intraneural graphene-based electrodes to

stimulate and to record the activity of the peripheral nerve.
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Chapter 3. Enhancing chronic stability of intraneural implants. Modulation of the

foreign body reaction to intraneural implants in the peripheral nerve.

e To assess the effect of metformin on the FBR to intraneural implants by
quantifying the number of infiltrated macrophages and the deposited capsule
around the implant.

e To develop a combined therapy using the anti-inflammatory drug

dexamethasone and the antifibrotic drug metformin for modulating the FBR.
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This section describes an overview of the study design and the main

methodologies performed in each chapter.

Chapter 1. Biocompatibility evaluation of novel graphene—based
intraneural electrodes.

In the first chapter, the biocompatibility of a GBM is assessed in vitro and in vivo.

In vitro

Rat DRG neurons or rat cortical neurons were cultured on top of three
different substrates: control culture glass, PI as the substrate of the neural device, and
the PI substrate containing the GBM EGNITE. Neuron viability after 4 or 7 days in
culture was assessed by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) cell viability test and after immunohistochemical

labeling.

In vivo

Female Sprague-Dawley (SD) rats were implanted with LIFE mock devices
containing PI or PI plus EGNITE. Each device has two arms that are bent to face each
other. The devices were inserted longitudinally in the tibial fascicle of the sciatic
nerve. Functional and histological analyses were performed at 2 and 8 weeks after the

implantation.

To evaluate the functional properties of the nerves implanted with
longitudinal devices, walking track, algesimetry, and electromyography test were
conducted. Walking track assesses locomotion, algesimetry test evaluates
hyperalgesia or allodynia and electromyography test assesses neuromuscular
function. To study the FBR associated with the implant, histological analyses were
performed. Animals were euthanized, and nerves were collected and fixed for
cryosectioning. Transversal sections were labeled for ionized calcium-binding
adapter molecule 1 (Ibal) to quantify the number of infiltrating macrophages. Capsule
thickness around the implant was measured from the implant to the first axons

labeled for neurofilament 200 kDa clone RT97 (RT97).

59



Study design and methodologies | Chapter 1

Chapter 1 In vitro biocompatibility
Experimental design
Model: Rat primary cultures Control Pl PI+EGNITE
4 div /e g —
DRGcells +——O (
7 div
Cortical cells —————O
Analysis
Immunofluorescence

In vivo biocompatibility
Experimental design

Animal model: Rat SD?

Implant: LIFE mock devices
Grouping and sample (n):

Pl PI+EGNITE
-a.._mm-—S‘-"T‘;{:«‘*w e
2 w 8 w WEveaves)
I O O
PI 7 6
Pl + EGNITE 7 6 e
+
nerve
. @ g
% 7
il Tibial
o R e o /_ fascicle
T =2 | B
Functional evaluation = = = =000 @@ oo il s i s v o S b s
Walking track Algesimetry Electromyography
/%, . Electrical
stimulation CMAP
s m recording
G e e = f
‘- e e W
Motor function Hyperalgesia or allodynia Neuromuscular function
Histological analysis
Transversal sections Immunofluorescence

Macrophages  Capsule thickness

v
- %ila- -

60




Study design and methodologies | Chapter 2

Chapter 2. Novel graphene—based electrode for interfacing the
peripheral nervous system.

In the second chapter, the functionality of graphene-based electrodes are tested.

Working TIME devices were transversally implanted in the sciatic nerve of
female SD rats through the tibial and peroneal fascicle. TIME devices have two arms
that are bent to face each other. Each arm contains 9 AS of 25 pm of diameter plus 1
larger reference. The stimulation and recording capabilities of graphene-based

electrodes were investigated.

Stimulation analysis

Electrical stimulation was delivered through each AS located inside the nerve
at 0, 30, or 60 days. The progressive activation of the tibialis anterior (TA), the
gastrocnemius medialis (GM), and the plantar interossei (PL) muscles was recorded
to create the recruitment curve of each muscle. From the recruitment curve, we
calculated the current needed to obtain a response of 5, 30, or 95% relative to the
maximum muscle activation. The ability of devices to selectively activate the muscles

was also calculated.

Recording analysis

Recording capabilities were tested in acute. The feasibility of the
graphene-based electrode to record CNAPs elicited by an electrical stimulus was
assessed. Moreover, the selective recording of CNAPs elicited from either the lateral
plantar nerve (LPN) or medial plantar nerve (MPN) was explored. The ability of the
electrode to record ENG signals elicited by mechanical stimuli and the S/N associated

was also evaluated.
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Chapter 3: Enhancing chronic stability of intraneural implants.
Modulation of the foreign body reaction to intraneural implants in
the peripheral nerve.

In the third chapter, we investigate the effect of metformin on the FBR of intraneural

implants.

Female SD rats were implanted with PI LIFE mock devices. Each device has
two arms that are bent to face each other. The devices were inserted longitudinally in

the tibial fascicle of the sciatic nerve.

Rats were grouped depending on the administered drug or combination of
drugs ie. control (no drug), metformin, dexamethasone plus metformin, or
dexamethasone. Metformin was administered in drinking water throughout the
follow—up. Dexamethasone was only administered for a maximum of 2 weeks.
Functional and histological analyses were performed at 2, 8, and 12 weeks after the

implantation.

To evaluate the functional properties of the nerves implanted with
longitudinal devices, walking track, algesimetry, and electromyography test were
conducted. Walking track assesses locomotion, algesimetry test evaluates
hyperalgesia or allodynia and electromyography test assesses neuromuscular
function. To study if metformin modulates the FBR associated with the implant,
histological analyses were performed. Animals were euthanized, and nerves were
collected and fixed for cryosectioning. Transversal sections were labeled for Ibal to
quantify the number of infiltrating macrophages. Capsule thickness around the

implant was measured from the implant to the first axons labeled for RT97.
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Overview

Loss of sensory and motor function as a result of nerve injury (e.g., spinal cord
injury, brachial plexus injury) or loss of a limb (e.g., amputation) affects several
million people worldwide, serving as a powerful motivation for the development of
new rehabilitation strategies. Neuroprostheses based on interfacing the PNS are
designed to record efferent signals to elicit functional activities and to induce afferent
signals to provide sensory feedback, thus constituting a bidirectional interface with
the nervous system (Micera et al., 2011). In the last decades, a variety of such PNI have
been developed and tested (Navarro et al, 2005; Ferrari et al, 2021). However,
translation of these research efforts into clinical applications is rather slow due to

technological challenges.

Regarding biomedical applications, it is important that the capability of the
device as a bidirectional interface is maintained over extended periods of time. Once
implanted, a neural interface must remain within the body of the subject for months
or years, so the stability of the materials in the electrode is crucial. Time-dependent
loss of neuron—-device communication limits the long-term use of such devices.
Decreasing functionality is associated with reactive responses that produce an
encapsulating cellular reaction around electrodes implanted in the nervous system.
Therefore, a major prerequisite for the application of novel nerve electrodes is that the
implant must be biocompatible, and also that the organism embodies the interface
without creating a thick insulating capsule. After insertion of a device in the
peripheral nerve, early and chronic cellular responses occur in a subset of processes

known as the FBR (Lago et al., 2007; Christensen et al., 2014; Wark et al., 2014; Wurth
etal., 2017; de la Oliva 2018b).

In this work, we assessed whether novel graphene microelectrodes, based on
a newly developed reduced graphene oxide, named EGNITE (Viana et al, 2022), are
suitable for peripheral nerve implantation when deposited on PI. To this end, in vitro
and in vivo biocompatibility of the EGNITE material was tested. Cortical and
ganglionar cells were seeded on top of EGNITE to assess in vitro biocompatibility.

EGNITE-coated mock devices were implanted in the sciatic nerve of rats for chronic
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evaluation, functional and morphological changes in the nerve were studied over two

months to evaluate in vivo biocompatibility.

70



Materials and methods | Chapter 1

Materials and Methods

In vitro biocompatibility study

DRG neurons or cortical neurons from SD rats were cultured on top of three
different substrates: control culture glass, PI as the substrate of the neural device, and
the PI substrate containing EGNITE (Figure 1A). The pieces containing PI and
PI+EGNITE were glued to the culture glass with collagen. Neuron viability after 4 or
7 days in culture was assessed by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) cell viability test and after immunohistochemical
labeling. Both primary cell cultures were performed 3 times with 4 replicates of each

substrate condition.

DRG culture

Rats 21 days old were euthanized with pentobarbital. DRG were extracted
and kept in cold Gey’s balanced solution with 2% glucose. Cleaned ganglia underwent
enzymatic digestion with trypsin 1x, collagenase 1x and DNase (Img/mL) diluted in
Hank’s Balanced Salt Solution (HBSS, Gibco) for 30 minutes at 37°C, followed by
mechanical digestion. Cells were then filtered with a 70 pm sterile filter to remove
myelin fragments and centrifuged at 900 rpm for 7 minutes. Neurons were counted in
a Neubauer chamber after homogenization. Four wells per condition were seeded
with a concentration of 8000 cells/ml in 24 multiwell plates (500 pL per well)
pretreated with poly-D-lysine (0.0l mg/ml) and laminin (1 mg/ml). Cells were
maintained in Neurobasal A medium enriched with 29 B27, 2% glucose, 1% glutamine
and 1% penicillin and streptomycin. After 24h the medium was changed and replaced

every 3 days.

Cortical cells culture

E17 rat embryos were used for the culture of cortical cells. Briefly, female
pregnant rats were euthanized with pentobarbital, the embryos were extracted and
dissected until the cerebral cortex was obtained. The meninges were removed and
cleaned. Cortices were kept in Krebs-Ringer Buffer solution with trypsin and DNase

for enzymatic digestion for 10 minutes at 37°C, followed by mechanical digestion.
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Cells were then filtered with a 70 pm sterile filter. Dissociated cortices underwent
centrifugation at 1000 rpm for 5 minutes and neurons were counted in a Neubauer
chamber after homogenization in DMEM containing 10% FBS. Four wells per
condition were seeded with a concentration of 250,000 cells/ml in 24 multiwell plates
(500 pL per well) precoated with poly-D-lysine (0.01 mg/ml). Cells were seeded in
DMEM medium enriched with 2% B27, 2% glucose, 1% glutamine and 1% penicillin
and streptomycin. After 24h the medium was replaced with Neurobasal medium
enriched with 2% B27, 2% glucose, 1% glutamine and 1% penicillin and streptomycin,

and replaced every 3 days.

Viability evaluation and immunolabeling

At 4 and 7 days in vitro for DRG and cortical cells respectively, an MTT assay
was performed to determine cell viability. For this purpose, medium was replaced
with medium containing 0.15 mg/ml MTT, the culture was maintained for one hour,
and cells were lysed with DMSO. Absorbance was read out through a
spectrophotometer (Bio-tek) at 560 nm wavelength and data collected using KC
Junior software. Readings were normalized against the control group, in which cells

only grow on coverslips, to obtain the percentage of cell survival.

For immunofluorescence labeling, coverslips containing cells were fixed for 20
minutes with paraformaldehyde (PFA). After blocking with normal donkey serum,
slides were incubated with primary mouse antibody against (33 tubulin (1:500;
Biolegend) overnight at 4°C. Cells were then washed with 0.1% Tween buffer solution
and incubated with AlexaFluor 488 donkey anti-mouse secondary antibody
(Invitrogen) for 1 h at room temperature. Finally, coverslips with cells were mounted
with Fluoromount (Sigma). Images were taken with an epifluorescence microscope

(Eclipse Ni, Nikon) and a digital camera (DS-Ri2, Nikon)

In vivo biocompatibility study

To assess the biocompatibility of the developed graphene, PI devices coated or
not with EGNITE were longitudinally implanted in the sciatic nerve of rats for 2 or 8
weeks. The intraneural device was designed as a longitudinal strip in which the area

of EGNITE in contact with the nerve was increased by a factor of 20, with respect to
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conventional active electrodes (Figure 1B, C), aiming to maximize the contact area of

the material with the tissue and to investigate immune responses.

All experimental procedures performed were approved by the Ethics
Committee of the UAB in accordance with the European Communities Council
Directive 2010/63/EU. Adequate measures were taken to minimize pain and animal

discomfort during surgery and in the postoperative follow-up.

A IN VITRO
PI: Polyimide Pl + EGNITE

B IN VIVO

TIME biocompatibility
Egnite electrodes (& 25 um)

* Electrodes facing up

[ Egnite Metal (gold) [] Pasivation (Active area)

60 um

‘........‘.....‘ﬁsum
A A LA A A A A A A A A A2

14,97 mm_

288mm ——— ’1 ‘

Figure 1. Implants design for in vitro and in vivo experiments. A) Substrates for in vitro
biocompatibility tests made of PI or PI+EGNITE. Black dots are made of EGNITE material
(64 black dots, @ 25 pm). B) Probe design for in vivo biocompatibility tests. C) Image of a
section of a fabricated probe with many EGNITE microelectrodes (black dots).
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Nerve implantation

Operations were performed under anesthesia with ketamine/xylazine (90/10
mg/kg i.p.) on female SD rats weighing 300-350 g. The sciatic nerve was surgically
exposed at the midthigh and carefully freed from adherences to surrounding tissues.
PI (PI-2611, HD MicroSystems) devices with no EGNITE (used as controls) and PI
devices with EGNITE were inserted longitudinally into the tibial branch of the sciatic
nerve with the help of a straight needle attached to a 10-0 loop thread (STC-6,
Ethicon), as designed for longitudinal intrafascicular electrodes (LIFE; Lago et al
2007; de la Oliva et al 2018a) (Figure 2). Insertion was monitored under a dissection
microscope to ensure the correct placement of the device. The wound was sutured in
plane and disinfected with povidone iodine. After surgery, all animals were housed

under standard conditions. The incision wounds healed without inflammatory signs

and no postoperative complications were observed.

o e &8
Figure 2. Representative images of implanted devices. A) Microphotograph of a sciatic
nerve and a longitudinally implanted PI device already inside the nerve. The arrow indicates
the tip of the implant outside the nerve. B) Detail of a device with EGNITE inside a sciatic
nerve. The arrow indicates the insertion point, and the dashed line indicates the placement of
the intraneural device within the tibial fascicle. Scale bar: 1 mm.
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Table 1: Experimental set up of the in vivo biocompatibility study.

Implant
Group duration
2w 7
PI
8w 6
PI + EGNITE 2w /
W 6

Electrophysiological and functional evaluation

The functional properties of the nerves that had been implanted were
evaluated by means of nerve conduction, algesimetry and locomotion tests at 2 and 8
weeks after the implant. The nerve conduction test was performed by stimulating the
sciatic nerve proximally with single electrical pulses and recording the compound
muscle action potential (CMAP) of the TA, GM, and PL muscles as previously
described (de la Oliva et al., 2018a). The nociceptive threshold to mechanical stimuli
was evaluated using an electronic Von Frey algesimeter (Bioseb, Chaville, France)
following the same protocol described before (del Valle et al, 2018) Rats were placed
on a wire net platform in plastic chambers, and a metal tip was applied to the sole of
the hind paw until the rat withdrew the paw in response to the stimulus. The walking
track test was performed to assess locomotor function after the implant. The plantar
surface of the hind paws was painted with blue ink and the rat was left to walk along
a corridor. The print length, the distance between the Ist and 5th toes and between
the 2nd and 4th toes were measured to calculate the Sciatic Functional Index (SFI)

(de Medinacelii et al 1982).

Histological evaluation

After 2 or 8 weeks, animals were deeply anesthetized with an overdose of
pentobarbital and transcardially perfused with 4% PFA in phosphate buffer (PB). The
sciatic nerve including the implant was harvested, post-fixed in 4% PFA in PBS for

an hour and stored in 30% sucrose in PB for cryoprotection.

Analysis of infiltrating macrophages and capsule thickness in the implanted
nerves was performed with immunohistochemical labeling. Nerve segments
containing the device implanted were sliced (15 pm-thick sections) with a cryostat

(Leica CM190). After thawing and blocking with normal donkey serum, slides were
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incubated with the primary antibodies rabbit Ibal (1:500; Wako) for macrophages and
RT97 (1:200; Developmental Studies Hybridoma Bank) for axons overnight at 4°C.
Slides were then washed with a 0.1% Tween 20 in PBS solution and incubated with
AlexaFluor 488 donkey anti-mouse and AlexaFluor 555 donkey anti-rabbit
secondary antibodies (Invitrogen) for 1 h at room temperature. Finally, slides were
mounted with Mowiol containing DAPI (Sigma). The number of Ibal positive
macrophages in the whole tibial nerve cross section was semiautomatically quantify
using a macro design for Image J software. The capsule thickness was analyzed by
dividing the area of the capsule by the length of the implant in the transversal section.
The area was quantified as the non-labelled space between the implant and the first
axons labelled with RT97. As each implant has two arms, the capsule thickness of an
implant is the mean of both arms. Images were taken with an epifluorescence

microscope (Eclipse Ni, Nikon) and a digital camera (DS-Ri2, Nikon).

Data analysis

The normality of the data was studied to apply the correct statistical method
(parametric or nonparametric) using Shapiro-Wilk test. Statistical comparison
between groups for in vitro results were made by one-way ANOVA followed by
Dunnett’s multiple comparison test. Statistical comparisons between groups and
intervals for functional and histological results were made by two-way ANOVA
followed by Tukey’s multiple comparison test. The GraphPad Prism 8 software was
used for all statistical analyses. Differences were considered significant when p <0.05.

Results are expressed as mean + SEM.
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Results

In vitro biocompatibility study

The results of the MTT test showed that neuronal survival of both ganglionar
(Figure 3A) and cortical neurons (Figure 3B) was similar in the three conditions
tested proving that both PI and EGNITE are not toxic invitro. Both DRG and cortical
neurons grew well on top of PI with and without EGNITE as shown in Figure 4. In
the case of cortical cell culture, EGNITE dots were not even visible, as the device

surface was completely covered by a layer of cells.
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Figure 3. In vitro EGNITE biocompatibility assay. Neuronal viability assessed by the MTT
test after 4 (DRG, A) and 7 (cortical neurons, B) days invitro for all surfaces. p>0.05, one-way
ANOVA followed Dunnet’ multiple comparison test.
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Figure 4. Representative images of cell cultures. Left: DRG neurons (green, b3 Tubulin)
cultured on top of different substrates. Right: Cortical neurons cultured on the same surfaces.
Dashed circles indicate EGNITE material.

78



Results | Chapter 1

In vivo biocompatibility study

Functional evaluation after intraneural implants

The algesimetry tests yielded similar values of pain withdrawal threshold
between the implanted and contralateral hindlimbs in the two groups of rats
(Figure 5A), without evidence of hyperalgesia that might had been induced by nerve
compression or injury. In addition, walking track measurements (Figure 5B) did not
show variations between the three groups with the implanted devices at 2 or 8 weeks.
The SFI values were close to zero (normal value) at the different time points. In
conclusion, there was no evidence of alterations in the motor and sensory functions

conveyed by the sciatic nerve after implanting PI devices with or without EGNITE.
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Figure 5. Functional test: Pain and walking assessment. A) Algesimetry test results
expressed as percentage of force withdrawal (vs contralateral control paw) of animals
implanted with PT and PI with EGNITE. B) Plot of the SFI obtained in the walking track test.
p>0.05, two-way ANOVA followed Tukey’s multiple comparison test.

After 8 weeks of follow-up post implantation in the sciatic nerve there were
no significant changes in the electrophysiological results of the three groups of rats
(control/contralateral, PI and PI with EGNITE). Only a reduction in the amplitude of
TA CMAP in the PI group and the GM in the PI + EGNITE group at 2 weeks
(Figure 6D, E, F) was found; since the TA muscle is innervated by the peroneal fascicle,
where the implants were not placed, and the amplitudes of both muscles recovered at

8 weeks, these decrease can be attributed to the surgery alone and not to the implant.
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CMAP latency did not show differences between groups during follow-up

(Figure 6D-F), indicating no myelin damage.
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Figure 6. Functional test. Motor nerve conduction. Motor nerve conduction parameters of
animals implanted with PI or PI + EGNITE and contralateral paws during 8 weeks follow—
up. A-C) CMAP amplitude of TA (A), GM (B) and PL (C) muscles. D-F) CMAP onset
latency of TA (D), GM (E) and PL (F) muscles. **p<0.01 vs contralateral, two-way ANOVA
followed Tukey’s multiple comparison test.

Inflammatory response

One of the main events during the FBR is the infiltration by hematogenous

macrophages into the implanted tissue, as part of the inflammatory phase (Lotti et al.,
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2017). Comparison between implants with and without EGNITE revealed no
differences in the number of macrophages labeled in the tibial nerve (Figure 7A, C).
On the other hand, the last phase of the FBR and one of the main problems for the
long-term functionality of intraneural electrodes is the formation of a fibrous capsule
around the implant. Figure 7B shows that the capsule thickness was similar for
implants with and without EGNITE at both 2 and 8 weeks, indicating that the
presence of EGNITE did not induce damage to the nerve and further fibrotic scar
formation. Immunohistochemical images (Figure 7D) show numerous axons near the
implants (at around 20 pm) at both time points, indicating limited damage and
remodeling after the implant, consistent with previous works (de la Oliva et al 2018a).
Altogether, the chronic biocompatibility study indicates that EGNITE is suitable for
chronic intraneural implantation, inducing no significant nerve damage nor

neuroinflammatory response.
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Figure 7. Evaluation of the FBR to intraneural implants. A) Number of inflammatory Ibal+
cells in the tibial nerve of animals implanted with PI devices with and without EGNITE.
**p<0.01, two-way ANOVA followed Tukey’s multiple comparison test. B) Tissue capsule
thickness around the devices in the tibial nerve of animals implanted with PI devices with
and without EGNITE. C, D) Representative images of a tibial nerve labelled for inflammatory
cells (Ibal, C) or axons (RT97, D) implanted with a device (arrow) at 2 weeks post
implantation in the tibial fascicle (dashed line in C) and the tissue capsule (dotted line in D).

Scale bar: 100pm.
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Conclusions

In conclusion, our results show that both PI and EGNITE are biocompatible
materials. None of the implants produced functional alterations other than that
caused by the implantation process and the FBR was similar to other implantable
neural devices. This is a key first step towards the development and in vivo use of

neural electrodes using GBM as novel promising conductive material.
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Overview

During the last decades, advances in PNI have provided numerous designs
based on their location in relation to the nerve anatomy (del Valle & Navarro, 2013).
Overall, the designs are categorized in terms of invasiveness and selectivity. From low
to high there are extraneural, intraneural and regenerative PNI. Intraneural PNI
implanted within the nerve fascicles and thus in close contact with the axons are
presently the preferred option for a bidirectional interface for neuroprostheses used
in amputees. They offer a bearable compromise between selectivity and invasiveness
(Micera et al., 2008b). The lower intensity for stimulation and the increased SNR of
the recordings are favored by their proximity to the axons (Yoshida et al, 2000).
Specifically, the TIME type, implanted transversely in the nerve, allows stimulating
and recording different subsets of axons in various fascicles over the nerve
cross—section with higher selectivity than multichannel cuff and longitudinal

intraneural electrodes (Boretius et al., 2010; Badia et al., 2011).

While new PNI designs have been developed, new materials are also being
investigated, mainly biocompatible materials with good electrical capacities that
allow prolonged use of the prosthesis. Briefly, in a PNI there is a substrate isolating
material and the conductive metal lines. Each PNI may have several ASs that are the
uncovered parts of the conductive material, from where the electrical charges are
transferred. Metallic microelectrodes (i.e. Au, Pt, iridium oxide (IrOx) fabricated on
flexible substrates such as PI or ParC are commonly used to fabricate PNI (Navarro et
al, 2005). When used at the millimeter scale, these metal interfaces can normally
provide robust neural signal transduction. As the electrode size is reduced to the
micrometer scale, their performance decreases due to their reduced electrochemical
surface area, which increases interfacial impedance and reduces the amount of charge
that can be injected into the tissue (Cogan, 2008). The decrease in the size of AS may
increase selectivity. The smaller the AS area, the smaller the nerve area that will be
interfaced. Consequently, the aim is to work from a device with a few big AS to one
with many small AS in order to increase the spatial resolution of stimulation and
recording (Khodagholy et al., 2014; Kohler et al,, 2017). To address the miniaturization
of neural interfaces, electrode modification strategies such as conductive polymer

combinations, surface modifications or functionalization have been developed to
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increase performance and the electrochemical surface area (Pigeon et al., 2003; Chung
etal, 2015) (Szostak et al., 2017). In this work engineered graphene EGNITE has been
used in place of metal electrodes to create a new generation of nerve interfaces. High
charge carrier mobilities and transconductances are produced by the
graphene/electrolyte substantial interfacial capacitance (Dankerl et al.,, 2010; Hess et
al., 2011). Together with a relatively low noise graphene based electrodes are expected

to enable recordings with a good SNR (Blaschke et al., 2016).
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Materials and Methods

Implant design

The electrode device was designed for intraneural implantation, following the
TIME design (Boretius et al., 2010). The device (Figure 1A, B) consisted of two linear
arrays of 9 circular microelectrodes (o 25 pm) and a reference electrode (0.02 mm?)
alonga 1.2 mm strip. Each linear array is placed at opposite sides of the stripe. EGNITE
microelectrodes are made of a thin film of hydrothermally reduced graphene oxide
stacked on top of gold. The arrays of EGNITE microelectrodes were integrated into
flexible devices (total thickness of 13 pm) using the biocompatible and flexible
polymer, PI, as substrate and insulation, and gold for the tracks. The PI strip has a
total length of 57.6 mm and a width of 280 pm. At the center of the strip, it is narrowed
down to only 100 pm. For implantation, the strip is folded at the midline to align the
left and right sides of the strip and to create an arrow like shape at the tip of the
electrode, enabling penetration into the nerve. The Pl strip is widened at the ends (pad
area) to connect the device with external equipment through a ZIF multiconnector
(Vianaetal, 2022).
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Figure 1. TIME design. A) TIME design for in vivo functional tests. (Continued next page)
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B) Image of a section of a fabricated probe with 9 graphene microelectrodes (black dots) plus
areference (black rectangle). For more details see Viana et al., 2022.

Nerve implantation

To assess the functionality of developed TIME EGNITE devices (Figure 1A, B),
they were transversally implanted in the sciatic nerve of rats. After surgery, all animals
were housed under standard conditions. Electrophysiological studies of electrical
stimulation and recording using the implanted devices were performed acutely and at

30~ and 60-days post implantation (dpi).

Operations were performed under anesthesia with ketamine/xylazine (90/10
mg/kg i.p.) on female SD rats weighing 300-350 g. The sciatic nerve was surgically
exposed at the mid-thigh and carefully freed from adherences to surrounding tissues.
Nerves and EGNITE devices were delicately handled with fine forceps. The devices
were inserted transversally across the tibial and peroneal branches of the sciatic nerve
(Figure 2A) with the help of a straight needle attached to a 10-0 loop thread (STC-6,
Ethicon) (Badia et al,, 2011b; de la Oliva 2018b) the thread was passed between the two
arms of the device and pulled the arrow-shaped center of the electrode strip. The
insertion was monitored under a dissection microscope to ensure correct placement
of the device (Figure 2B, C).

After conducting nerve stimulation and recording protocol, the device was
attached to adjacent muscle tissue using two suture stitches. In addition, fibrin glue
and KwikKast® were used to keep the implanted electrode in place during the time of
implantation. To easily access the electrode contacts in chronic experiments, the pads
portion of the devices was passed through the muscular incision and placed
subcutaneously in the side. The pads were protected with a plastic envelope sealed
with Kwik Kast® to prevent the pads not being damaged and covered by fibrotic
tissue. The plastic envelope was placed under the skin, the muscle incision was closed

with stitches and the skin wound was closed with staples.
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All experimental procedures performed were approved by the ethical
committee of the Universitat Autdonoma de Barcelona in accordance with the
European Communities Council Directive 2010/63/EU. Moreover, adequate measures
were taken to minimize pain and animal discomfort during surgery and in the

postoperative follow-up.

A
3 Sural
/
REE.
/
I Medial Plantar Nerve Medial Gastrocnemious Tibial Anterior
Plantaris
[ Lateral Plantar Nerve Soleus

Lateral Gastrocnemious

Figure 2. TIME implantation. A) Schematic cross section of an implanted TIME with active
sites (AS 1-9) crossing the tibial and peroneal fascicles. Subfascicle topography of the rat
sciatic nerve is extracted from Badia et al (2010). B, C) Detail of a device within the sciatic
nerve. White arrowheads indicate the reference electrode. The white arrow indicates some
ASs or microelectrodes between the tibial and peroneal fascicles of the sciatic nerve. S: Sural,
T: Tibial, P: Peroneal. Scale bar: 1 mm.
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Nerve stimulation protocol

To assess the stimulation performance of the implanted electrodes (n-=19),
electrical stimulation was applied with the EGNITE devices to the sciatic nerve. At
every time point, biphasic current pulses were delivered through each one of the AS
against a common reference within the device ribbon part or a needle reference
electrode placed near the sciatic nerve. Increasing current pulses with a width of
100 ps and an intensity up to 100 pA, were delivered by a Digitimer DS4 stimulator.
Devices used for electrical stimulation have a current limit in the charge they can
safely deliver to avoid a decrease in device performance and hazardous chemical
reactions. EGNITE devices have a limit of 100 pA with a pulse duration of 100 ps.

Above this threshold the electrode may deteriorate as we increase the current applied.

CMAPs were recorded from GM, TA and PL muscles using small needle
electrodes placed in each muscle belly (Badia et al., 2011). The CMAPs were amplified
(P511AC, Grass), band-pass filtered (3Hz to 3 kHz), and digitized with a Powerlab
system (PowerLabl6SP, ADInstruments) at 20 kHz using LabChart software. The
amplitude of each CMAP was measured peak to peak and normalized to the
maximum CMAP amplitude obtained in each experiment by stimulation of the sciatic
nerve with two needle electrodes. For each electrode, the threshold current of
stimulation which elicited 5, 30, and 95% of the maximum CMAP was determined.

The AS with the lowest threshold value in each device was used for analysis.

Finally, the selectivity index (SI) was calculated to quantify the specific
activation of a single muscle among the set of three muscles (equation 1) (GM, PL,
TA), as previously described (Veraart et al., 1993a; Badia et al., 2011a). The selectivity
was considered when any of the recorded muscles CMAP reached 5% and 309% of the

maximum CMAP.

CMAP __ CNAP

2jCMAPy;

The stimulation protocol is summarized in Figure 3.

92



Materials and methods | Chapter 2

1. Each AS injects - @ AS: Active sites S2 AS4 AS6 AS 8
biphasic pulses 66‘9\:,,3

of 100 ps. e E—
Max:
'[mo"A TIME device
a1 Fascicles:
J 'h J J l‘ i \‘.q Peroneal

M
100 us ,man‘u;\ Sural
B % Tibial Max:

Unspecific C

1\\“& A
eq\ce ’ +100 pA
2. Each region of the - Stimiuli
nerve (A, B, C) will be )
stimulated preferentially 100 ps || Max: 50 pulses
depending on the posmon e -100 pA
of the AS. r bk .
Tibialis anterior — \ r e gma—— 1111111 oo 1111 1 WP 111140 R
muscle (TA) \ o “ o ‘ » ‘} ‘ H‘

I/"
f\
Gastrocnemius | |
J S I E—
muscle (GM) \/ ~N -
Plantar interossei A I -
muscle (PL) -\

3. Electrical stimulation elicits a response 4. Muscular responses (CMAPSs) are recorded and recruitments
in distal muscles of the leg and the foot. curves are normalized with the maximum muscular responses.
(A) GM specific (B) PL specific Unspecific (C) TA specific
AS 2 AS 4 AS6 AS 8
@ . - 95%
E aé - TA
s 2 - GM
c & = PL
o ¢
g = / e e 30%
s 2 "]
Z y - 5%
P T ! T T )
é 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Current (LA) Current (uA) Current (pA) Current (uA)

5. Stimulation selectivity depends on the capacity of
a given AS to activate only one muscle at a time.

10 5%  30% 5% 30% 5%  30% 5% 30%

Stimulation selectivity
Selectivity

- . T L T 1 -
0 20 40 60 80 1('1"! 0 20 40 60 80 100 0 2’0 40 60 80 |I‘)0 0 20 4‘0 G‘ﬂ 80 100
Current (nA) Current (pnA) Current (uA) Current (nA)

Figure 3. Protocol to analyze stimulation functionality of TIME EGNITE devices. (1) Each
AS injects a sequence of 50 biphasic pulses of increasing current (0-100 pA), 100 ps each at 3
Hz. Each set of 50 pulses is repeated twice. (2) The TIME is inserted transversally into the
tibial and peroneal fascicles of the sciatic nerve. Hence, ASs are interfacing different regions
of the nerve (A, B and C) which innervate different muscles (PL, GM and TA). (3) Electrical
stimulation through each of the ASs elicit a response in distal muscles of the leg and the foot.
Muscular responses vary depending on the AS that is being used. (4) Monopolar needles are
located in the belly of studied muscle to record the CMAPs produced in each step of the
stimulation protocol. CMAPs are normalized to the maximum amplitude of each muscle to
build the recruitment curve: a representation of the progressive activation of the muscle as
the current increases. The threshold currents needed to activate each muscle at 5%, 30% and
95% are used for further analyses.

(Legend continued next page)
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(5) Stimulation selectivity measure the capacity of an AS to stimulate one muscle but not the
others. Selectivity is calculated at two points: when one of the muscles has reached 5% and
when a muscle has reached 30%. Usually, selectivity and current are inversely proportional.
Thus, selectivity is often higher at 5% compared to 30%. If the three muscles are activated
equally the selectivity is minimum (0.3).

Nerve recording protocol

To assess the recording capabilities of EGNITE electrodes, two different

protocols were performed (Figure 4), previously described by Badia et al., 2016.

First, CNAPs were recorded from each one of the AS following electrical
stimulation of the distal MPN and LPN at the hind paw (n=14). Ten monophasic
rectangular pulses of 10 ps from 1 t0 10 mA (Grass S44 with PSTUG6 stimulus isolation
unit) were delivered using two small needles inserted on the medial or lateral side of
the paw. The amplitude of each CNAP was measured peak to peak and normalized to
the maximum CNAP amplitude obtained in each experiment recorded with hook
electrodes on the sciatic nerve. The SI was calculated (n-11) to quantify the specific
activation of a nerve among the set of two nerves (equation 2). For selectivity
calculations, recorded nerve potentials were considered if they were above 5% of the
maximum CNAP. Two additional devices (TIME 4 and TIME 5) were tested with a
slightly different protocol. To produce a smoother recruitment curve, 50 biphasic
rectangular pulses of 100 ps and up to 10 mA (DS4 Stimulator, Digitimer) were

delivered.

For the second protocol, evoked sensory activity after pressing the animal hind
paw with a thin probe, a Von Frey monofilament and tweezers was also recorded
(functional recording) (n=6). The thin probe was used to quickly scratch the sole of
the paw. The Von Frey monofilament was used to contact specific areas of the paw
(Kennedy et al., 1988). The tweezers were used to pinch toes of the paw to elicit a
noxious stimulus. ENG recordings were amplified x1000, band-pass filtered
(between 300 Hz and 10 kHz) and fed to a power-line noise eliminator (Hum Bug,
Quest Scientific), then digitized at 20 kHz and recorded with LabChart software
(PowerLab System, ADInstruments). The total power of the recorded signals and the
noise (no stimulus applied) was obtained after applying the short-time Fourier
transform with a window of 1 ms, and an overlap of 87.5%. The best recording AS in

each TIME was used to calculate the SNR, as the ratio between the mean of the total
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power when the stimuli are applied and the mean of the total power when there are

no stimuli applied.

The recording protocol is summarized in Figure 4.
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Figure 4. Protocol to analyze recording functionality of TIME EGNITE devices. CNAP.
The lateral (A) and medial plantar nerve (B) were electrically stimulated using needle
monopolar electrodes with 50 biphasic pulses of increasing current to a maximum of 10 mA
at 3 Hz. Elicited CNAPs were recorded though different ASs in the TIME device. CNAPs are
normalized to the maximum valued recorded with hook electrodes around the sciatic nerve.
ENG: The paw was mechanically stimulated by pinching the toes with tweezers, scratching
the sole with a probe, and pressing specific areas of the sole with a Von Frey filament. Elicited
sensory signals were recorded by each AS in the TIME device.

Data analysis

The normality of the data was studied to apply the correct statistical method
(parametric or nonparametric) using Shapiro-Wilk test. Statistical comparisons
between two groups or conditions were made by paired T-test and between two or
more groups with two variables by means of two-way ANOVA followed by Tukey’s
or Sidak’s multiple comparison test. Differences were considered significant when
p <0.05. The GraphPad Prism 8 software was used for statistical analyses. Results are

expressed as mean + SEM.
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Results

During the implantation period rats remained in good health. However, two of
the animals damaged the ending part of the device which had been placed under the
skin the next day of implantation, so they could not be tested at 30 dpi. No further
postoperative complications were observed; the incision wounds healed without
inflammatory signs, indicating no gross FBR. Plastic envelopes were found covered by

a thin fibrotic tissue, and once removed, revealed the devices pad without damage.

Nerve stimulation

The stimulation tests after acute and chronic implantation proved that
EGNITE microelectrodes were able to stimulate different axonal subpopulations of
the sciatic nerve, depending on the AS used and the intensity of stimulation. For these

tests, the EGNITE devices ending pad was connected to a ZIF multiconnector.

Recruitment curves of muscle activity were plotted (Figure 3) for each muscle
to calculate the threshold of charge needed to reach 5, 30, and 95% of the maximal
CMAP amplitude (Figure 5A). In acute test and chronic test, almost all working
devices were able to stimulate minimally the nerve up to 5% of the maximal CMAP
amplitude. More than 75% of the devices allowed reaching a response higher than
30%, whereas only slightly more than half of the devices achieved a response higher
than 95% (Figure 5B). The constrain in current delivery of 100 pA for EGNITE AS has
prevented to produce stronger activation of the muscles in some devices. We
exceeded this CIL only if ASs did not produce any response at lower levels, most

commonly in chronic experiments.

Of particular interest is the low current needed to activate the motor nerve
fibers (Figure 5A). For example, in acute experiments, 30% of the muscle activation
(the minimum stipulated to overcome gravity (Boretius et al., 2010)) was elicited by
single pulses of less than 50 pA for the three muscles and less than 65 pA were needed
to obtain 95% of the muscle activation. Compared to previous studies in which TIME
devices with 80 pm diameter electrodes of IrOx were used (de la Oliva et al., 2019),
EGNITE electrodes elicited a response with thresholds 2 to 3 times lower (Figure 5C).

In chronic tests, the functionality of devices decreased, evidenced by an increased
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activation current threshold (Figure 5A), most probably due to fibrotic encapsulation

or AS deterioration.
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Figure 5. Stimulation capabilities of TIME EGNITE devices. A) Current threshold needed
to elicit 5, 30, and 95% of the maximum CMAP amplitude in the PL, GM, and TA muscles
over 60 days. ***p<0.001 each muscle vs time, two-way ANOVA followed Tukey’s multiple
comparison test. B) Percentage of working devices able to elicit 5, 30, and 95% of the
maximum CMAP amplitude. C) Comparative analysis between TIME electrodes made of
EGNITE or iridium oxide (IrOx) of the current needed to elicit 5% and 95% of muscle
activation at 0 dpi. IrOx data is extracted from (de la Oliva et al., 2019). ***p<0.001, two-way
ANOVA followed Tukey’s multiple comparison test.
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For assessing the selectivity by which the electrodes were able to activate each
of the three muscles, SI were calculated (Figure 6A, B). The SI for the three tested
muscles ranged between 0.6 and 0.9, similar to that found in other previous studies
using TIME design of electrodes (Badia et al., 201la; de la Oliva et al., 2019). The SI
showed changes during the follow-up of chronic implants. For the TA muscle there
was a drop in the selectivity at 60 dpi. In the PL muscle the selectivity also decreased
at 30 dpi. On the contrary GM selectivity, that was lower at baseline than in the other

two muscles, remained stable during the follow-up.

Selectivity differences, among the set of muscles, may be explained due to the
different location of axons innervating the muscles inside the sciatic nerve. It is easier
to obtain high selectivity of the TA muscle because it is innervated by the peroneal
nerve. However, this fascicle is smaller and is close to the tip of the implant. Thus, the
selectivity of this TA is more conditioned by the movements of the implanted
electrode within the nerve that may displace AS from peroneal nerve. The nerve fibers
that innervate the PL and the GM muscles are located in the same branch, the tibial
nerve (Badia et al., 2010); thus, obtaining high selectivity between these two muscles
is more complicated compared to the TA muscle. Regarding the better stability in GM
selectivity, its nerve fibers are well circumscribed and farther from the tip of the
implant, so there are more possibilities that the ASs remain within this fascicle during
the follow-up. Figure 3 shows an example of an implanted device and how the
position of each AS within the sciatic nerve causes the selectivity to shift between the
muscles. In this case, AS 8 is placed within the peroneal nerve since it shows high SI
for the TA muscle. On the other hand, AS 2 and 4 are located within the tibial nerve,
being AS 2 likely the closest to the GM fascicle and AS 4 in the fascicle supplying the
plantar muscles. AS 6 is in between the tibial and peroneal nerves and its ability to

activate any of the muscles is low.

SI was calculated when one of the muscles reached 5% activation and when it
reached 30% activation. The selectivity obtained in the latter is lower than in the
former level. When a stimulus pulse is given at low intensity from an AS, the current
is limited to a small area around and stimulates few axons. The greater the applied
current, the greater the stimulated area and, therefore, selectivity is reduced. Hence,

the more current we apply, the greater the activation of a muscle, but the higher
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chance to activate other muscles at the same time, decreasing selectivity (see Figure 3

bottom graphs).
A From 5% of muscle activation B From 30% of muscle activation
* *%
1.0- ’—‘ . = 1.0
x E ¥ x
5 084 = 'LI 5 08
= . T £
2 064 | + I B . 2 06
= it - L . I =
3 04 HFE ® - 3 04-
(] [h)
w . . w
0.2 ) 0.2
0.0 I I T 0.0 T I I
PL GM TA PL GM TA

Figure 6 Stimulation selectivity of TIME EGNITE devices. A, B) SI by muscle from 5% and
30% respectively of the maximum CMAP amplitude. *p<0.05 **p<0.01, two-way ANOVA
followed Tukey’s multiple comparison test.

Nerve recording

CNAP recording

To evaluate the recording capabilities of EGNITE devices, CNAP evoked by
electrical stimulation of the MPN or LPN (Figure 7, 8), and ongoing single potentials
elicited by mechanical stimuli on different areas of the paw of the animal (Figure 9)
were recorded from each AS in the device. First, it is worth noting that not all the AS
of the devices tested allowed recording of CNAP or functional signals, either because
they were not working, or because the AS was not at the adequate point in the nerve

to detect the small neural signal.

The EGNITE devices were able to record small CNAPs, from a few pV in
amplitude; we accepted deflections above 5 pV as actual potentials. The electrical
stimulus was increased in steps, producing CNAPs of increasing amplitude
(Figure 7A). The CNAPs were recorded as triphasic potentials at a latency compatible
with a conduction velocity corresponding to Aa and A nerve fibers. These CNAPs
were elicited by electrical stimulation of both MPN and LPN separately. All devices
successfully recorded CNAPs during the acute test, with a mean maximum amplitude
of about 200 pV (Figure 7B), but only a couple were able to do so at 30 dpi.

Representative examples of CNAPs are shown in Figure 7A.
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Eleven devices were employed to assess the recording selectivity of CNAPs
from the MPN and LPN. The mean SI for both nerves was approximately 0.7
(Figure 7C). Six devices achieved 100% selectivity in at least one AS, meaning that a
specific AS was able to record CNAPs from one nerve and not the other. Conversely,
two devices obtained 0% selectivity for one of the nerves, indicating that they were
unable to record the activity of one of the nerves. Finally, three devices showed a
selectivity greater than 0.6 for both nerves simultaneously. This suggests that in most

cases (8 devices), each TIME implant is selective to one nerve.
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Figure 7. Recording capabilities of TIME EGNITE devices. CNAP. A) Representative
CNAPs recordings elicited by electrical stimulation of the distal plantar nerve at 0 and 30 dpi.
B) Maximum CNAP amplitudes elicited by electrical stimulation of the MPN or LPN,
recorded from implanted devices at 0 dpi. T-Test. C) CNAP selectivity of the MPN and LPN.
The maximum selectivity value among all ASs in each device for both nerves was used for the
analysis. T-Test.

Two additional devices were analyzed with a stimulation protocol that
allowed for a higher resolution recruitment curve (more stimulation steps)
(Figure 8A-D). In these two cases, only one arm of the device was analyzed due to
time constraints of the in vivo procedure. The TIME 4 recorded CNAPs equal to or
close to the maximum CNAP of the LPN from AS 2, 3, 4, 5, and 6, while AS 1,7, 8, and
9 recorded low-amplitude CNAPs (Figure 8B). For MPN CNAPs (Figure 8A), the
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amplitude of the recordings was lower, although AS that recorded high-amplitude
potentials for the LPN recorded also higher potentials for the MPN compared to the
others. Figure 8E, F shows how the recording profile of each AS has an impact on
selectivity. In the TIME 4 (Figure 8E) AS 2, 3, 4, and 5 have higher selectivity for the
LPN, while AS 1, 2, 7, and 8 do not show selectivity as the values are close to 0.5. In
the case of TIME 5, the plot representing the recruitment curves show that AS 4, 5, 6,
7, and 8 recorded higher action potentials for the MPN (Figure 8C) compared to the
LPN (Figure 8D). Consequently, these ASs have higher selectivity, as seen in
Figure 7F, while AS 2, 3, and 9 show selectivity close to 0.5. AS 1 did not work, and

therefore, it does not appear in the plots.

The analysis of the recruitment curves and selectivity indicates that the
distribution of ASs within the nerve affects the ability to record signals from one nerve
fascicle or the other. In Figure 8G and H, a possible location of ASs within the nerve
is presented based on the results previously described. In the case of TIME 4
(Figure 8G), it is assumed that the device passed through a region of the nerve where
the fibers from the LPN are located, while the fibers from the MPN are located further,
which explains why the amplitudes of the recorded signals from the MPN are lower
but still not negligible. In the case of TIME 5 (Figure 8H), ASs recorded higher
potentials for the MPN, so the implant will be near the fibers coming from the MPN.
Conversely, none of the ASs recorded high amplitudes of the LPN, so these fibers could
be on the opposite side from where ASs are located and, therefore, outside of their
recording range. Spatial selectivity of CNAPs in TIME implants was also addressed in
Badia et al. (2016).

The nerve fibers supplying both MPN and LPN are located in the same tibial
branch (Badia et al., 2010). As in the case of motor fibers innervating the GM and PL
muscles, it was difficult to obtain high selectivity between axons placed in the same
fascicle of the sciatic nerve. In addition, the small amplitude of the neural signals
makes it difficult to detect the signals at low level of activation, thus being conducted
by a few, well localized, nerve fibers. For these reasons, the selective targeting of
specific sensory afferences by one AS is more difficult to achieve compared to motor

efferent fibers in the study protocols used (see also Badia et al., 2016).
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Figure 8. Recording capabilities of TIME EGNITE devices. Spatial selectivity. A-D)
Nerve recruitment curves of the CNAPS elicited by stimulation of the MPN (A, C) and LPN
(B, D) recorded from each AS of the TIME 4 and 5 devices placed in the sciatic nerve at 0 dpi.
E, F) Selectivity from each AS of the TIME 4 (E) and TIME 5 (F) calculated in the same step
of the current increasing stimulation protocol. G, H) The hypothetical location within the
nerve of TIME 4 (G) and TIME 5 (H) devices, deduced based on selectivity data.
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Mechanical stimuli recording

Regarding the recording of nerve signals, the CNAP are the easiest to record
due to the spatial summation produced by the simultaneous stimulation of several
axons. On the other hand, the mechanical stimuli that produce single action potentials
are not so simultaneous, therefore the amplitude is lower, and the recording more
difficult. In the functional recording protocol, we performed three different

maneuvers while recording from 6 devices implanted (Figure 9):

- Noxious stimuli by pressing the toe (Figure 9A): The noxious stimuli elicited
a reflex muscular response. Neural signals were in general masked by motor
unit action potentials, that are quite larger in amplitude. All working ASs were

able to record these muscular signals.

- Fast and light scratch of the sole of the paw (Figure 9B): Providing that a lot
of axons of the sole skin are activated and the dynamic type of stimulus, it was
easy to detect the signals form the noise, with an average close to 1.5 in the
SNR plot (Figure 9D). The AS that worked well in stimulation tests were in

general capable of recording better neural signals.

- Pressure on specific areas (Figure 9C): As fewer axons are being activated and
the stimulus is static, it was significantly more difficult to differentiate signals
form the noise (Figure 9D), with SNR average that in some cases were below

1 (TIME 6).

The SNR for the studied mechanical stimuli was similar to those obtained by
Badia et al. (2016) using TIME devices containing larger IrOx ASs. To improve the
recording capabilities of EGNITE devices we compared recording using one AS as
active electrode with 5 AS joined, so the recording area was larger. With this
configuration recordings were easier to distinguish from the noise (Figure 9D,
TIME2). Moreover, it was possible to record signals elicited by pressing specific areas

of the paw more often than with single AS.
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Figure 9: Recording capabilities of TIME EGNITE devices: Mechanical stimuli. A-C)
Representative raw ENG recordings elicited by mechanical stimuli on the paw (A: Pain; B:
Fast scratch; C: Light touch) recorded in the sciatic nerve with TIME devices. D) SNR of the
mechanically elicited nerve signals in six TIME devices. In the TIME 2, five AS where shunted.
When the values are below the dotted line the neural signal is indistinguishable from the
noise. *p<0.05 ***p<0.001, Two-way ANOVA followed Sidak’s multiple comparison test.

104



Conclusions | Chapter 2

Conclusions

In this chapter we have studied the functional properties of EGNITE-based
intraneural electrodes for stimulation and recording in the PNS. Neural stimulation
was proven to activate specific subsets of axons within the fascicles of the sciatic
nerve with low current thresholds in acute and sub-chronic conditions. Neural
recordings of CNAP and ENG evoked by mechanical stimuli were feasible but were
more affected by decreased functionality over time. This knowledge is essential to
advance towards new materials that provide neuroprostheses with fine and precise
control of stimulation and recording. Our work constitutes further proof that
graphene-derived materials, and specifically EGNITE, is an optimum material to form

part of a neural electrode for advanced neuroprostheses control.
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Chapter 3

Enhancing chronic stability of intraneural implants.
Modulation of the foreign body reaction to intraneural

implants in the peripheral nerve.
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Overview

Neuroprostheses have been an area of interest in the field of neuroscience, as
they provide potential to restore the lost neural functions after a nerve injury or loss
of a limb. Neural electrodes are used within neuroprostheses to create a bidirectional
communication interface between the nervous system and an external device or
system, such as a prosthetic limb (del Valle & Navarro, 2013). However, the use of
these implants is limited by the FBR, leading to inflammation and fibrosis around the

implant site.

The FBR is a complex biological process that occurs when a foreign object is
introduced into the body. It is a natural response of the immune system to protect the
body from potential harm caused by the presence of foreign substances. This reaction
involves a series of events, beginning with the adsorption of proteins onto the surface
of the implant and the recruitment and activation of immune cells. Immune cells then
release cytokines and chemokines that promote inflammation and recruit fibroblasts,
which deposit collagen around the implant site. Over time, this process concludes
with the formation of a fibrous capsule around the implant, leading to an increased
impedance, an increased threshold to stimulate axons, a decreased sensitivity, signal
attenuation, and in some cases, implant failure (Grill & Thomas Mortimer, 1994; Lotti

etal,, 2017; de la Oliva et al., 2019; Gulino et al., 2019; Carnicer-Lombarte et al., 2021).

To address this issue, several strategies have been proposed to reduce the FBR
and improve the biocompatibility of neural implants. These strategies include surface
modification of the implant material and the use of anti-inflammatory or anti-fibrotic

drugs among others (Carnicer-Lombarte et al., 2021).

Dexamethasone is a corticosteroid that has been investigated as a potential
strategy to reduce the FBR to neural implants. Dexamethasone can be administered
systemically or locally, such as using coatings or hydrogels, to reduce inflammation
and fibrosis around the implant. Systemic administration of dexamethasone has been
proven to reduce the capsule around intraneural devices (de la Olive et al, 2018¢) and
significantly improve chronic functionality (de la Oliva et al., 2019). However, there

are concerns about the possible side effects of long-term use of systemic
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corticosteroids, including osteoporosis, metabolic, and cardiovascular disease

(Desgeorges et al., 2019).

Metformin is a safe and widely used agent for type II diabetes that has been
shown to prevent fibrosis in different tissues. This antifibrotic effect is attributed to
adenosine monophosphate-activated protein kinase (AMPK) activation, which
interferes with TGF-P1 signaling, a key pathway involved in fibrosis (Rangarajan et
al, 2018). While the effects of metformin on fibrosis in peripheral nerves have not been
directly studied, the results seen in other tissues suggest that it may be a promising

candidate for reducing the formation of a capsule around intraneural implants.

In this chapter, we hypothesized that metformin ameliorates the fibrosis
associated with an intraneural implant. To test this hypothesis, we used mock LIFE
devices implanted in the sciatic nerve of rats and treated them systemically with

metformin and with dexamethasone for comparison.
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Materials and Methods

Surgical procedure

Operations were performed under anesthesia with ketamine/xylazine (90/10
mg/kg ip.) on female SD rats weighing 300-350 g. The sciatic nerve was surgically
exposed at the midthigh and carefully freed from adherences to surrounding tissues.
A piece of PI was longitudinally implanted in the tibial branch of the sciatic nerve
with the help of a straight needle attached to a 10-0 loop thread (STC-6, Ethicon), as
designed for the longitudinal intrafascicular electrodes (Lago et al., 2007; de la Oliva,
2018b) (Chapter 1 Figure 1B and Figure 2A). The insertion was monitored under a
dissection microscope to ensure the correct placement of the device. After surgery, all
animals were housed under standard conditions and periodically subjected to
functional and electrophysiological evaluations. Then, at predesigned intervals,

animals were euthanized, and the sciatic nerve harvested for histological studies.

Drug administration

Treatments to reduce FBR to intraneural PI devices started 2 days before the
surgery to ensure appropriate systemic levels. We assayed two individually
administrated drugs, metformin to reduce fibrosis, dexamethasone to reduce
macrophage activation, and the combined administration of these two. The group
distribution of animals in groups, doses, and administration pathways are
summarized in Table 1. The control (CTL) group did not receive any treatment.
Metformin (MET) (Qualigen) was administered in the drinking water (p.o.) (125
mg/kg/day) up to 12 weeks. Dosage was selected according to human use and
considering the amount of water that SD rats drink per day. Dexamethasone (DEXA)
(Kern Pharma) was administered subcutaneously (s.c.) once a day (s.i.d.) for 2 weeks
(0.2 mg/kg/day). Dosage was selected according to previous reports (de la Oliva et al.,
2018c¢). One group received metformin alone. A second group was treated with both
metformin and dexamethasone. A third group was given only dexamethasone. This
last group was conceived in a previous work (de la Oliva et al., 2018c) but histological

quantifications were performed again.
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Table 1. Groups and treatments given in this study.

Drug Treatrr}ent Impla.lnt Dose Administration n
group duration duration

2w 7

CTL - 8w - . 6

12w 5

2w 2w 5

MET 8w 8w 125 mg/kg/day p.o. 7

12w 12w 5

DEXA | 2w (D) + 2w (M) 2w 0.2 mg/kg/si.d. (D) s.c. (D) &

i 2w (D) + 8w (M) Bw 125 mg/kg/day (M) p.o. (M) E

MET 2w (D) + 12w (M) 12w o 5

DEXA iz éz 0.2 mg/kg/s.id. s.C. %

p.0.: oral; s.c.: subcutaneous; s.i.d.: once a day; D: Dexamethasone; M: Metformin.

Electrophysiological and functional evaluation

The functional properties of the nerves that had been implanted were
evaluated by means of nerve conduction, algesimetry, and locomotion tests at 2, 8 and
12 weeks after the implant. The nerve conduction test was performed by stimulating
the sciatic nerve proximally with single electrical pulses and recording the CMAP of
TA, GM, PL muscles as previously described (de la Oliva et al., 2018a). The nociceptive
threshold to mechanical stimuli was evaluated using an electronic Von Frey
algesimeter (Bioseb, Chaville, France) following the same protocol described before
(del Valle et al, 2018). Rats were placed on a wire net platform in plastic chambers, a
metal tip was applied to the sole of the hind paw until the rat withdrew the paw in
response to the stimulus and the force applied was registered. The walking track test
was performed to assess locomotor function after the implant. The plantar surface of
the hind paws was painted with blue ink and the rat was left to walk along a corridor
with white paper on the floor. The print length, the distance between the 1 and 5t
toes and between the 2" and 4™ toes were measured to calculate the SFI; (de

Medinacelii et al 1982).

Histological evaluation

After 2,8 and 12 weeks, the animals were deeply anesthetized with an overdose

of pentobarbital and perfused transcardially with 4% PFA in PB. The sciatic nerve
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including the implant was harvested, post-fixed in 4% PFA for an hour and stored in

309 sucrose in PB for cryoprotection.

Analysis of infiltrating macrophages, capsule thickness, and representative
images to show capsule evolution in implanted nerves were performed with
immunohistochemical labelling. The nerve segments containing the implanted device
were sliced (15 pm-thick sections) with a cryostat (Leica CM190). After thawing and
blocking with normal donkey serum, slides were incubated with the primary
antibodies rabbit Ibal (1:500; Wako) for macrophages, RT97 (1:200; Developmental
Studies Hybridoma Bank) for axons, and CD90 (1:150; BD Pharmingen) for fibroblasts
overnight at 4°C. Slides were washed with 0.1% Tween 20 in PBS solution and
incubated with AlexaFluor 488 donkey anti-mouse and AlexaFluor 555 donkey
anti-rabbit secondary antibodies (Invitrogen) for 1 h at room temperature. Finally,
slides were mounted with Mowiol containing DAPI (Sigma). The number of Ibal
positive macrophages in the whole tibial nerve cross—section was semiautomatically
quantified using a custom-made macro for Image ] software. The mean capsule
thickness was analyzed by dividing the area of the capsule on the implant by the
length of the implant in the transversal section. The area was quantified as the
non-labeled space between the implant and the first axons labeled with RT97. As
each implant has two arms, the capsule thickness of an implant is the mean of both
arms. Images were taken with an epifluorescence microscope (Eclipse Ni, Nikon) and

a digital camera (DS-Ri2, Nikon).

Data analysis

Results are expressed as mean + SEM. The normality of the data was tested
with the Shapiro-Wilk test. Statistical comparisons between groups were made by
two-way ANOVA followed by Tukey’s multiple comparison test. Differences were
considered significant when p < 0.05. GraphPad Prism 8 software was used for all

statistical analyses.
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Results

The incision wounds healed without inflammatory signs and no postoperative

complications were observed in any of the rats with the intraneural implant.

Functional evaluation

The algesimetry tests yielded similar values of pain withdrawal threshold of
the preoperative test, implanted and contralateral hindlimbs in all groups (Figure 1A),
without evidence of hyperalgesia that might have been induced by nerve injury. In
addition, walking track measurements (Figure 1B) did not show variations between
the three groups at any time point. The SFI values were close to zero (normal value)
at the different time points. In conclusion, there was no evidence of alterations in the
motor and sensory functions conveyed by the sciatic nerve after the PI devices were

implanted and the administered drugs did not alter this outcome.

: Algesimetry 5 Walking Track
200~ L 207
i § ’ . .
& 150 = O vz 7/ = N
I % 7
s | RN L & B
Tk T Ay £ -t
% i % ) é é u(; = : ' [ Pre
2 50 . / - / / £ 40~ : cTL
70 ¢ SH—-
0+ Z Z -60—— T T ‘ T
Pre 2w 8w 12w Pre 2w 8w 12w

Weeks post implantation Weeks post implantation

Figure 1. Functional test. Pain and walking assessment. A) Algesimetry test results
expressed as percentage of force threshold for withdrawal (vs contralateral control paw) of
animals before the implantation and after the implantation and treatments for 12 weeks. B)
Plot of the SFI obtained in the walking track test. * P<0.05, two-way ANOVA followed by
Tukey’s multiple comparison test.

During the 12 weeks of follow-up after implantation in the sciatic nerve there
were no significant changes in the electrophysiological results of the three groups of
rats (CTL, MET, and DEXA + MET). The amplitude of the CMAPs (Figure 2A) of the
implanted animals did not show significant variations in comparison with the
contralateral paw and with the untreated CTL group at any time point, thus

indicating that there was no functional damage to the nerve. The only significant
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change was a reduction in the amplitude of TA CMAP in the CTL group at 2 weeks
(Figure 2A), but this reduction was recovered at 8 weeks. This decrease can be
attributed to the surgery alone and not to the implant as was seen in other studies
using similar longitudinal implants of ParC (de la Oliva et al., 2018a) or PI (Lago et al,
2007) devices, where mild variations were observed in the latency and amplitude of
the CMAP early after implantation, but were restored a few weeks later. The latency
of the CMAPs did not show significant differences between groups during follow-up

(Figure 2B) indicating that there were not myelin involvement and focal compression.
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Figure 2. Functional tests. Motor nerve conduction. Motor nerve conduction parameters
of animals before implantation (Pre) and after the implantation of PI devices for 12 weeks and
drug administration. A-C) CMAP amplitude of TA (A), GM (B) and PL (C) muscles. D-F)
CMAP onset latency of TA (D), GM (E) and PL (F) muscles **p<0.01 vs contralateral, two—
way ANOVA followed by Tukey’s multiple comparison test.

115



Results | Chapter 3

Inflammatory response

During the initial phase of the FBR, macrophages are the predominant cells.
Macrophages are recruited and distributed around the implant, where a high density
can be seen (Figure 6), and also within the whole tibial nerve (Figure 4). In the case
of intraneural longitudinal implants, de la Oliva et al., (2018b) reported a peak of
infiltrating macrophages around 2 weeks after implantation. We also found a high
number of macrophages in the tibial nerve fascicle at 2 weeks (Figure 3A). The groups
administered with dexamethasone (alone or combined with metformin) exhibited
significantly fewer macrophages at 2 weeks but not the group receiving only
metformin. As the FBR resolves, the number of macrophages decreased around the
implant and in the nerve regardless of treatment. Notably, at 8 weeks, the number of
macrophages in the groups administered with dexamethasone for 2 weeks remained
lower (not significantly) compared to the groups not administered with
dexamethasone. Therefore, while metformin did not affect the number of
macrophages present in the tibial nerve, a 2-week daily treatment of dexamethasone
significantly reduced the infiltration of hematogenous macrophages, even at late times
of 8 and 12 weeks. Figure 4 shows representative immunofluorescence images of

labeled macrophages of all treatments and studied times.

The capsule around the implant was measured as the space between the
implant and the closest axons and its values are represented in Figure 3B. In the early
phases of FBR, the capsule is made up mainly of macrophages that adhere to the
implant trying to engulf it (Figure 6 2w). Consequently, the groups administered with
dexamethasone had reduced thickness of the capsule at 2 weeks, presumably because
there is a decrease in the number of infiltrating macrophages as shown in Figure 3A.
On the contrary, the group receiving only metformin did not show such a reduction
in capsule thickness at this time point. Then, as the macrophages leave the implant
surface, the capsule becomes less cellular (Figure 6 8-12w), more fibrous and compact
(Figure 5 8-12w) due to fibroblast presence. At 8 weeks, the capsule thickness of the
metformin-administered groups was significantly lower compared to the control
group, but not the dexamethasone group. On the other hand, at 12 weeks only the
group with both dexamethasone and metformin had a significantly thinner capsule

than the control group.
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To conclude, dexamethasone decreased macrophage infiltration as it has been
described previously (Zhong & Bellamkonda, 2007; de la Oliva et al,, 2018¢). Therefore,
the thickness of the capsule was reduced in the initial phase. The therapeutic effect of
metformin targets fibroblast and myofibroblast actions which become noticeable at
the last phases of the FBR. Consequently, capsule thickness decreased in metformin-
administered groups while dexamethasone alone lost its initial effect. Conversely, the
reduction in capsule thickness was not maintained at 12 weeks in the metformin

group as it was in the combined treatment (DEXA + MET) suggesting a summative

effect of both drugs.
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Figure 3. Effect of drug administration on the FBR to intraneural implants. A) Number of
inflammatory Ibal+ cells in the tibial nerve of animals implanted with PI devices and
administered with metformin, dexamethasone, or both. B) Tissue capsule thickness around
the devices in the tibial nerve of animals implanted with PI and administered with the
different treatments. * p<0.05, **p<0.01, ***p<0.001, ##p<0.01 time variable, two-way ANOVA
followed by Tukey’s multiple comparison test.
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Figure 4. Representative images of Ibal+ cells. Effect of treatments on the number of
macrophages (red, Iba 1+ cell) of animals implanted with PI devices after 2, 8 and 12 w. The
area limited by the dotted line corresponds to the tibial fascicle of the sciatic nerve that was
used to analyze the number of labeled cells. Scale bar: 100 pm.
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Figure 5. Representative images of the fibrotic capsule. Effect of treatments on the capsule
thickness (area limited by the dotted line) of animals implanted with PI devices after 2, 8 and
12 w. Scale bar: 50 pm.
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Figure 6. Representative images of capsule composition. Evolution of the capsule
composition (red, Iba 1+ macrophages; green CD90 fibroblast; blue, DAPI nuclei) of animals
implanted with PI devices after 2, 8 and 12 w. Scale bar: 10 pm.
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Conclusions

Metformin is a promising antifibrotic treatment that can be safely
administered chronically. The fibrotic capsule around the implant decreased at
medium term, although the effect declined at the long term. A combined therapy of
dexamethasone and metformin appears to be the most promising strategy to modulate

the complex process of the FBR.
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Discussion

Electrical stimulation of nerve tissue and recording of neural electrical activity
are the bases behind clinical applications of different neuroprostheses (D’Anna et al,
2017), including cochlear and brainstem hearing prostheses (Shepherd & McCreery,
2006), retinal and cortical visual prostheses (Veraart et al., 1998), micturition control
(Creasey & Bodner, 1994), pain reduction (Stanton-Hicks & Salamon, 1997) or DBS
for essential tremor, Parkinson's disease, epilepsy, dystonia, and depression

(Perlmutter & Mink, 2000).

One of the most complex and ambitious neuroprosthetic systems are those
designed to replace an amputated hand and its ability to grasp, manipulate and sense
the environment. Selective stimulation provides sensory afferent feedback of the
movement and the force of the grasp as well as the contact with grasped objects. On
the other hand, the recording from specific motor nerve populations (or from proximal
residual muscles) facilitates the motion of the bionic prosthesis by attending to the
patient’s own signals to move the lost limb. Neuroprostheses can also be used to
replace a lost function but not the body part, for instance, patients with severe
sensorimotor deficits due to stroke or spinal cord injury. In these cases,
neuroprostheses artificially replace the central motor control to directly stimulate the
intact peripheral motor nerves or muscles (FES systems), enabling the patient to
achieve some functional recovery. Besides, the selective recording of sensory axons can
be applied in closed-loop systems to modulate such functional stimulation (Micera

& Navarro, 2009).

A key component of neuroprostheses is the interface with the nervous system,
commonly a multiarray electrode that should be stable over time, biocompatible,
adaptable to the tissue and designed to allow highly selective and bidirectional
communication. One of the greatest challenges for the use of functional
neuroprostheses over extended periods of time lies on the maintenance and
performance of the interface. The future of nerve interfaces depends on whether we
will be able to handle these main three setbacks: (T) the biological reaction of the body
manifested through the FBR to the exogenous device that causes deterioration and
encapsulation of the electrodes, decreasing its capacity to interact bidirectionally
with the neural tissue; (II) the biocompatibility of the material in the implanted tissue
that is directly linked with the severity of FBR and that is related to the correct

integration of the device within the tissue; and (I1I) the failures ranging from wire
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breakage to implant motion caused by tethering forces linking the interface to

external connection systems.

In this thesis we have evaluated a novel type of neural interface constituted by
an engineered graphene, named EGNITE, as conductive element deposited on PI as
substrate in the design of intraneural electrode. In the first section, we studied in vitro
and invivo the biocompatibility of P and EGNITE devices implanted in the peripheral
nerve. Given the excellent results obtained, active functional devices have been
assessed in the second chapter as a bidirectional interface for providing stimulation
and allowing recording of nerve activity with high effectiveness and selectivity. In the
last chapter, we summarized further efforts to find a feasible strategy to modulate the
FBR induced by an intraneural device, that may improve the chronic performance of

the interface array.

Biocompatibility of the EGNITE electrodes

We found that both PI alone and PI+EGNITE had no adverse effects on
neuronal cell viability. Devices implanted in the sciatic nerve of rats did not produce
significant functional decrease as evaluated by electrophysiological and functional
motor and sensory tests, proving that the implants do not have harmful effects in vivo.
Moreover, histological analyses revealed that the implant-induced FBR was similar
regarding macrophages infiltration and capsule thickness between devices made of PI
alone and PI+EGNITE. Comparatively, the FBR of the PI+EGNITE implanted devices
showed a similar evolution to that of PI alone devices, as well as to that described
previously in similar PI devices (de la Oliva et al 2018a; 2018b), both in terms of

inflammatory infiltration and connective capsule around the device.

The biocompatibility of GBM used for neural interfaces has previously been
tested in vitro (Park et al, 2011; Bendali et al,, 2013; Kim et al.,, 2013; Sahni et al., 2013;
Fabbro et al,, 2015; Convertino et al,, 2018), but only in a few in vivo experiments of
macroscopic devices (Sydlik et al.,, 2015) and even fewer evaluated biocompatibility in
nervous tissue (Garcia-Cortadella et al, 2021; Nguyen et al, 2021). Moreover,
significant changes are made in the structure of graphene to further increase its
performance, that may also alter its biocompatibility and stability (Bullock & Bussy,

2019) and even induce toxicity. The GBM used in this work was newly developed
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from reduced oxide graphene to create EGNITE graphene (Viana et al,, 2022) thus, a
thorough biocompatibility assay was needed before it could be exploited for
functional electrodes. To further demonstrate the in vivo biocompatibility, the devices
used contained much larger amount of EGNITE than necessary for functional
electrodes; in the case of a LIFE, about 16-20 AS of 25 pm diameter, whereas the
devices used contained about 20 times more dots. Besides, the biocompatibility was
tested with mock non-functional devices without connecting wires, that may induce
some tethering forces in the nerve (Navarro et al.,, 2005), avoiding external artifacts in
the progression of the FBR, whereas focusing only in the reaction to the implanted

material.

Cytotoxicity evaluations made with primary DRG cells and primary cortical
cells seeded on the PI substrate alone and containing EGNITE showed that both
components were inert, and indeed, neuronal cells grew and readily extended neurites
on top of the EGNITE coated areas. In the invivo evaluation, devices containing a large
amount of EGNITE did not induce neural damage, and the results were
indistinguishable from those of the PI alone and similar to those of sham operated
animals. Compared with previous data, the present results with PI+EGNITE are in
agreement with data reported in similar studies of intraneural electrodes made of PI
plus Pt or IrOx (de la Oliva et al 2018b; Lago et al. 2007; del Valle et al. 2015), in which
slight functional decline was observed at early days but recovered over a few weeks.
This evolution suggests that the surgical implantation procedure is the main reason
for these variations and causes only a mild and temporary functional deficit without

evidence of axonal damage.

The histological analysis of the FBR was aimed to characterize two specific
time points of the process, the inflammation peak occurring at 2 weeks and the late
stabilization at 8 weeks after the implantation, as characterized in similar implants
performed in our laboratory (de la Oliva et al 2018a). During the early phase of FBR,
resident macrophages are stimulated by the damage induced by device implantation
and protein adsorption to the biomaterial. Systemic macrophages are also recruited
by chemoattractant factors to the damaged area. This early inflammatory phase occurs
during the first two weeks. From this time on, the number of macrophages decreases,
and a stabilization phase occurs in which invasion of fibroblasts predominates. Since

medical implants are generally too large to be fully degraded, fibroblasts around the
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implant generate a connective capsule that isolates it from the body. The thicker the
capsule, the more difficult the interaction of the neural electrode with the tissue is.
The FBR of the PI+EGNITE implanted devices showed a similar evolution to that of
PI alone devices, as well as to that previously described in PI devices (de la Oliva et al
2018; 2018b), both in terms of inflammatory infiltration and connective capsule

around the electrode device.

Functionality of the EGNITE electrodes

Neural stimulation was proven to activate specific subsets of axons within the
fascicles of the sciatic nerve with low current thresholds in acute and sub-chronic
conditions. Neural recording of CNAP and ENG elicited by mechanical stimuli were

feasible but were more dependent of the decreased functionality over time.

Metal electrodes including stain-less steel, tungsten, platinum, platinum-
iridium alloys, IrOx, titanium nitride have been used due to its electrical capabilities.
When used on macro or milli scale, these materials allow for an effective stimulation
and recording of the nervous system (Cogan, 2008). To provide complex exchange of
signals, as needed for natural-like sensations and accurate control of the movement
of a prosthesis, it is mandatory to reliably and selectively stimulate and record small
populations of afferent and efferent axons in a peripheral nerve (Saal & Bensmaia,
2015). Thus, to enhance selectivity and spatial resolution, the size of the ASs must be
reduced while increasing the number of ASs interfacing the nerve. When the size of
metallic electrodes is reduced to a micrometer scale, the threshold current to produce
the stimulation of the nervous tissue is generally above the CIL. Exceeding CIL of the
material leads to faradic reactions in electrode-tissue interface that compromise
biocompatibility and integrity of the conductive material, reducing long-term
stability. Likewise, the reduction of electrode surface area increases interfacial
impedance of the electrode, which translates into recording with lower SNR (Cogan,
2008). Besides, a critical challenge lies in maintaining functional neuroprostheses over

extended periods of time that requires stability and robustness of the interface device.

Thus, an ideal microelectrode for neuroprosthetic applications must be able

to:
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(1) safely stimulate the tissue without compromise biocompatibility and
electrode integrity, i.e., increasing CIL.

(2) record neural signals with low SNR, i.e., reducing impedance.

(3) selectively stimulate and record the nervous tissue, i.e., reducing AS size
and increasing its number.

(4) maintain its function on the long term, i.e., increased biocompatibility and

integration within the tissue.

Driven by these specifications, new materials have been explored to improve
classic metallic electrodes, for example, conductive polymers such as PEDOT (Ferrari
et al, 2021) or materials derived from carbon (Devi et al, 2021). Among carbon
materials, graphene and graphene-derived materials have stood out for their electrical
and electrochemical performance and their suitability for integration into flexible

devices (Kostarelos et al., 2017).

Nerve stimulation

In this work, EGNITE graphene, designed from modified reduced graphene
oxide (Viana et al., 2022), has been used as a conductive material in flexible TIME
interfaces of PI as substrate. Given the improvement in the electrical performance of
EGNITE compared to other materials (Viana et al, 2022), it has been possible to
reduce the size and therefore increase the number of ASs that fit into a TIME. In
previous studies with similar transversal intraneural electrodes made on PI, Badia et
al, (2011a) used TIMEs with five ASs of 60 pm in diameter made out of platinum (Pt;
300 nm in thickness). Badia et al,, (2011b) and de la Oliva et al. (2019) used TIME
devices implanted in the sciatic nerve of rats whose IrOx contacts had a diameter of
80 pm. In one of the arms of the devices there were 7 AS but 3-4 could be placed
simultaneously inside the sciatic nerve of a rat. Cutrone and colleagues, implanted the
intraneural electrode SELINE, with 5 gold ASs per arm whose area was 3700 pm? each
(Cutrone et al., 2015). In comparison, our device has 9 AS of 25 pm in diameter and an
area of 490.87 pm? per arm, of which 7-8 are inside the nerve. Moreover, the nerve
activation threshold current was 2 to 3 times less compared to those found in these
previous studies, which may lower power consumption in future long-lasting
implantable neuroprostheses (Garcia-Cortadella et al, 2021), representing an

important advantage of EGNITE as active element.
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Regarding selectivity for stimulation of small nerve fascicles, in the model we
used the ST for activation of the three tested muscles ranged between 0.6 and 0.9,
similar to values found in previous studies using TIME design of electrodes (Badia et
al, 2011a; de la Oliva et al., 2019) Interfascicular selectivity was easy to achieve because
of the separation by the perineurium of the tibial and peroneal fascicles, as it was
shown by the high SI of the TA muscle, innervated by axons in the peroneal fascicle.
On the contrary, intrafascicular selectivity was more difficult for muscles innervated
by axons in the same tibial fascicle, thus closer and without a perineurial barrier, as
indicated by the lower SI of the GM muscle. It was expected that smaller ASs would
improve the focalization of stimuli to the target fibers. However, we did not find
higher selectivity than with larger metal ASs used in the cited previous studies. There
are two plausible explanations. First, the TIME design by itself allows a high
selectivity of stimulation in the peripheral nerve (Badia et al,, 2011a). Second, the small
size of the rat sciatic nerve used in the study, in which the localization of small
subfascicles innervating different muscles in the limb is quite close (Badia et al.,, 2010),
limit the possibilities to selectively activate them when the injected current spills over

small distance from the AS.

Nerve recording

Recording nerve signals is a complicated task, compared to recording muscle
signals. This difficulty mainly arises because, due to the small size of nerve fibers,
extracellularly recorded signals are in the microvolt range, as opposed to muscle
signals in the millivolt range. The noise present to a greater or lesser extent in all
recording systems can hinder low-amplitude signal acquisition. Recording CNAPs
facilitates the study of the recording capabilities of the device because the CNAP is
the temporal summation of many nerve fibers activated simultaneously by an

electrical stimulus.

The EGNITE based electrodes were able to record CNAPs of a similar
amplitude to those recorded with cuff electrodes or with other electrodes implanted
within the rat sciatic nerve (Lee et al,, 2016; de la Oliva et al,, 2019). Additionally, the
capacity to selectively record CNAPs from two tributaries of the sciatic nerve, the
MPN and the LPN, which innervate the lateral and medial parts of the rat paw, was

investigated. Most devices (8 out of 11) were selective for only one nerve. This fact can
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be explained by the wide area occupied by the axons coming from each plantar nerve
(Badia et al,, 2010), so that it may be possible that the TIME crosses the tibial nerve
though one or the other. The remaining devices tested were able to record the CNAP
of the MPN and LPN with moderate selectivity. These results agree with those found
by Badia et al. (2016). As in the case of stimulation, selectively recording nerve signals
in the same fascicle is complicated because there is no epineurium that isolates nerve

signals from different axonal populations.

Electrodes can also be used in FES systems, for instance, to restore basic hand
function in tetraplegic patients to grasp and manipulate objects (Popovic et al., 2001).
However, their use can extend beyond stimulating target organs to restore the lost
function. Due to the lack of sensitive feedback in the hand, the patient must rely on
vision and accumulate experience to adjust the grasp force. Moreover, the grasp force
may vary over time during functional tasks. To emulate the sensory feedback prior to
injury, an electrode can record the sensory information generated while manipulating
an object. At the same time this information can be used to regulate the stimulation
protocols of another electrode used in FES configuration (Inmann et al, 2001).
Additionally recorded neural activity can serve as an event onset detection to trigger
a functional stimulation protocol (Haugland & Sinkjzr, 1995). These systems, where
stimulation is modulated by a sensory signal obtained from the patient, are FES
closed-loop system. Moreover, the sensory signals from intact nerves can also be used
to stimulate the sensory cortex in order to provide conscious sensory feedback to the

patient (Tabot et al., 2015).

The EGNITE device was able to record the neural activity of two types of
mechanical stimuli: scratch and light touch. Painful stimuli were also applied to the
animal's paw; however, these stimuli easily elicited a withdrawal response, which
contaminated the recordings with much larger motor unit potentials. Additionally,
despite the small size of the AS (@ 25 pm), signal recording was possible with a SNR
similar to other devices with larger AS (Badia et al,, 2016). The electrode size affects its
ability to record signals primarily due to increased electrode impedance and thermal
noise, which impact the bandwidth of the electrical recordings (Scholvin et al., 2016).
Perhaps for this same reason, by connecting all the AS to a single output, the SNR

increases, as does the recording area.
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In real-life closed-loop neural prosthetic systems, it is not only about
detecting sensory signals but also to understand the type of information encoded in
the signal. Sensory modalities of proprioceptive, mechanoreceptive, nociceptive and
thermal information are transduced by different types of fibers whose functions may
be overlapped. For example, AR (II) fibers convey proprioception and
mechanoreception. Previous studies have demonstrated the ability to discern different
stimulus modalities from ENG recordings analyzed with feature-detection
algorithms (Citi et al,, 2008; Raspopovic et al., 2010; Badia et al., 2016). Interestingly,
Badiaetal, (2016) demonstrated the superior ability of TIME electrodes to distinguish
sensory modalities compared to other electrodes, such as cuffs or LIFE. In this study,
we did not verify whether the recordings obtained with the EGNITE TIME devices
would allow differentiation between different types of sensory information, that

would be an interesting additional study.

One aspect of stimulation and recording that has not been addressed in this
study is the electrical configuration of the electrode and the parameters of the
stimulation protocol. The monopolar configuration, either using a common reference
electrode within the device or an external needle, has been used in this work.
However, it has been extensively demonstrated that bipolar, tripolar, or multipolar
configurations have a positive impact on the functionality of electrodes in both
stimulation (Veraart et al., 1993b; Badia et al., 2011a; Shepherd et al., 2017) and recording
(Gouyet et al., 2007; Soulier et al., 2008; Avdeew et al., 2022) modes. For stimulation,
the multipolar configuration aims to actively restrict the field of excitation,
consequently increasing selectivity. Neural implants such as cuffs benefit the most
from multipolar configurations, perhaps because they have lower selectivity
compared to intraneural implants. Therefore, multipolar stimulation may have less
advantage for intraneural electrodes (Capogrosso et al, 2011). The selectivity of
stimulation is also affected by the stimulation protocol. Specifically, it has been shown
that short pulses (20 ps) and the introduction of a hyperpolarizing pre-pulse improve
stimulation selectivity (Guiho et al,, 2021). However, it is important to note that to
produce complex stimulation patterns involving multipolar configurations and
specific modifications of electrical pulse parameters, stimulators designed for such
purposes are necessary, which are not common. Regarding neural activity recordings,

the multipolar configuration in cuff devices increases the spatial selectivity of the

132



Discussion

recorded tissue due to the higher number of AS. Moreover, the noise decreases, which
enhance SNR allowing high—quality neural signal recordings (Soulier et al., 2008;
Ortiz—Catalan et al., 2013; Avdeew et al., 2022). Therefore, future studies using the
newly developed graphene-based electrodes may assess refinements in the electrode
configurations to improve selectivity and efficiency of the bidirectional

communication.

Chronic stability of the intraneural electrodes

As broadly reported in the literature, after the implantation of any medical
device, the immune system triggers a FBR, a set of processes within the wound healing
toisolate the implant with a fibrotic capsule (Anderson & Jiang, 2016). The insulation
of the electrode increases the impedance in the electrode-tissue interface. On one
hand, the tissue that surrounds implanted electrodes acts as an extra resistive barrier
to current altering the spatial distribution of the electrical field (Grill & Thomas
Mortimer, 1994). On the other hand, the distance between axons and the electrode
increases by the interposed encapsulation, which hinders both stimulation and
recording functions. Implanted electrodes may also suffer from corrosion of the
conductive material or degradation or delamination of the insulating material. The
inflammatory process that is triggered around the implant may accelerate
degradation, for example, by acidification of pH favored by the molecules secreted by
macrophages (Patrick et al., 2011). Exceeding the CIL may also accelerate the
corrosion of conductive materials, producing faradic reactions at the electrode-tissue
interface. (Doering et al., 2022). Faradic reactions, as opposed to capacitive, are
irreversible mechanisms in which oxidation-reduction reactions occur, causing

damage to both the electrode and the tissue (Cogan, 2008).

Biocompatible materials generate a lower immune system response, resulting
in a smaller capsule around the implant (del Valle et al 2018). The safety of GBM will
depend upon several factors including the physicochemical characteristics of the
biomaterial and the intended biological system where it is used. GBM have been used
successfully in the nervous tissue resulting in no gross FBR compare with other
standard materials (Garcia-Cortadella et al., 2021; Nguyen et al., 2021; Sydlik et al.,
2015). However, major changes in the structure of graphene to further increase its

performance, may alter its biocompatibility and stability (Bullock & Bussy, 2019).
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Thus, a detailed in vitro and in vivo biocompatibility evaluation of the new EGNITE
was addressed, demonstrating that it is biocompatible and does not degrade or

delaminate.

Consequently, the loss of functionality with time of implantation due to FBR
in EGNITE devices is not expected to be greater than with previous PI based
intraneural electrodes. The loss of functionality in the stimulation can be
compensated to a limited extent by increasing the injected current, however, as
mentioned before, increasing the current can produce hazardous electrochemical
processes or deteriorate the conductive material. Signal recording is already difficult
compared to stimulation, given the low amplitude of nerve signals, especially
non-synchronous nerve signals produced by sensory stimuli rather than those
produced by electrical stimuli. When the amplitude of the noise produced by an
increase in impedance exceeds or equals the amplitude of the recorded nerve signals,
these signals will no longer be distinguishable from the noise. The reduced size of the

ASs may also have influenced the difficulty in recording nerve signals.

In this work, jeopardized functionality of EGNITE electrodes translates into
an increase in the threshold to produce muscle activation and a decreased in the
quality of recorded nerve signals. The specific mechanisms that have produced this
loss of functionality have not been studied here. Although the impedance of the ASs
was not measured during the follow-up, it could be a useful indicator of decreased
functionality due to fibrotic capsule deposition around the implant but also to assess

the integrity of the electrode leads within the body (Murphy et al.,, 2004).

The loss of functionality of the intraneural electrodes has been progressive, as
already reported in other studies (Rossini et al, 2010; Wurth et al., 2017; de la Oliva et
al, 2019). Although we have shown that some devices can work up to sub-chronic
periods of time, the characteristics of the implant have not allowed us to evaluate the
implanted animals every week. A higher temporal resolution could be useful to
address how fast the functionality decreases and stabilizes. Ideally, neural interfaces
should have connectors that allow their evaluation in the least invasive and simple
way possible, for example with connectors located on the animal's back (Wurth et al.,
2017; De la Oliva et al., 2019) or fixed to the skull (Jiang et al., 2017). In this study, to
simplify the implantation procedure, the electrode connection area was maintained

subcutaneously; therefore, the electrophysiological evaluation required to open the
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skin each time, which could compromise the stability of the device and the well-being
of the animal. Furthermore, due to mechanical stress and tethering forces, wire
connections and connector systems are one of the least reliable parts of neural

interfaces, being a bottleneck for chronic applications (Hoch et al.,, 2018).

Modulation of the FBR to improve chronic use of
intraneural electrodes

The reduction in functionality associated with the FBR is a consistent issue in
neural implants (Grill & Thomas Mortimer, 1994; de la Oliva, del Valle et al., 2019;
Carnicer-Lombarte et al, 2021). Strategies aimed at mitigating FBR focus on two main
approaches: the first involves the use of biocompatible materials or the tunning of the
physicochemical properties of materials to enhance their biocompatibility. This can
include altering the shape, size, rigidity, and wettability of the materials. The second
approach involves the administration of drugs, either systemically or locally, to
modulate the FBR. In some cases, these two approaches can overlap, e.g,

functionalizing the surface of materials with drugs that are gradually released (Barone

etal, 2022).

Systemic administration was selected since it allows the combination of
various FBR-modulating drugs at different stages following implantation, according
to the expected time window of effectiveness. However, local administration systems
have significantly advanced in recent years, allowing drug release after certain stimuli
(electrical, pH, light irradiation, etc.) (Sun et al, 2016; Ahmadi et al., 2020), or the
sequential delivery of multiple drugs (Yin et al,, 2022). Local delivery systems have
been used in implants in the CNS (Rennaker et al., 2007; Mercanzini et al., 2010), but
less in the PNS and focused on cuff or regenerative electrodes (Park et al., 2015;
Fitzgerald, 2016; Heo et al., 2016; Barone et al, 2022). Conversely, drug coatings for
intraneural PNS electrodes have not been explored invivo (Gori et al., 2021, 2022). The
increase in size and thickness resulting from the addition of coatings or microfluidic
systems should be considered, taking into account the volume constraints of

peripheral nerves.
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Considering the decline in functionality observed in EGNITE-based TIMEs,
similar to previous studies with TIMEs (Wurth et al., 2017; de la Oliva et al., 2019), we
investigated feasible treatments that might modulate the FBR and reduce the
surrounding fibrotic capsule. We found that metformin reduces the thickness of the
capsule deposited around the implant in the midterm. Furthermore, a combination
treatment with dexamethasone reduces the inflammatory infiltration during the first

phase and maintains the thinner capsule in the long term.

Dexamethasone has demonstrated to reduce the FBR to different neural
implants. (Spataro et al,, 2005; Zhong & Bellamkonda, 2007; de la Oliva et al., 2018c;
2019; Barone et al., 2022). It acts through the glucocorticoid receptor, decreasing the
expression of inflammatory mediators and reducing the recruitment and activation of
macrophages (Coutinho & Chapman, 2011; Ehrchen et al, 2019). Therefore, its
maximum effect is expected to occur during the initial phase of the FBR when
macrophages are the predominant cells, and the environment is pro-inflammatory.
However, long administration of dexamethasone causes several metabolic
disturbances (Desgeorges et al., 2019). Therefore, the selected doses for our study are
within the low range administered to humans (Normansell et al, 2016), which are
associated with fewer side effects. Additionally, efforts are made to limit the duration
of administration. In this regard, an administration period of 2-4 weeks is sufficient
to address a reduction in the inflammatory reaction and the capsule around the
implant; however, a loss of therapeutic effect compared to longer administrations can
be expected (de la Oliva et al,, 2018c). Hence, it is necessary to explore drugs that

produce fewer adverse effects in chronic administrations.

Metformin, commonly prescribed for lowering blood glucose in patients with
type Il diabetes, has gained attention in recent years for its potential as an antifibrotic
agent in several invitro and invivo models (Biondo et al,, 2018; Lee et al., 2018; Rangarajan
et al, 2018). The antifibrotic effects of metformin is attributed to its impact on the
TGF- signaling pathway, and oxidative stress (Wu et al, 2021). Of particular
importance is the disruption of the TGF-B1 pathway resulting from activation of
AMPK leading to the downregulation of fibrosis—associated genes which reduce the
production of collagen and fibronectin (Lu et al,, 2015; Yi et al, 2021). Additionally,

AMPK activation and the decrease in ROS production by metformin, lower migration
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and activation of fibroblasts and enhance deactivation of activated myofibroblast

(Thakur et al., 2015; Sato et al., 2016).

This is the first work to investigate the effect of metformin on the FBR elicited
by an intraneural device. Daily administration of metformin for 12 weeks did not show
any noticeable effects on health status of the rats (weight and behavior), indicating
that metformin can be given in chronic systemic treatments. The antifibrotic effect
exerted by metformin was noticeable at 8 weeks. However, at 12 weeks the capsule
thickness enlarged and was not different to that of the control group. Most studies
with metformin showing an antifibrotic effect in vivo involved sub-chronic
administrations lasting 1 week (Xavier et al., 2010; Shen et al., 2016), 2-3 weeks (Sato et
al., 2016; Ursini et al., 2016; Zheng et al., 2017; Biondo et al., 2018; Rangarajan et al., 2018;
Sisson et al., 2018; Kheirollahi et al., 2019), 4 weeks (Zhang, et al., 2013; Luo et al., 2016;
Lietal, 2021; Karatas et al,, 2022) and 8 weeks (Tikoo et al., 2016; Shin et al., 2017). It is
important to mention that in our model, we did not observe a reduction in fibrosis at
2 weeks because collagen does not start to become appreciable surrounding the
implant until 8 weeks (de la Oliva et al., 2018a). Moreover, the role of myofibroblasts
in the fibrosis associated with peripheral nerve injuries appears to be focused on
collagen contraction rather than production. Myofibroblasts are the main producers
of collagen in other tissues, but their presence in the nerve is very scarce (Fertala et al.,
2020). Therefore, metformin may not be exerting its full antifibrotic potential in the
peripheral nerve. Regarding the anti-inflammatory action of metformin, we did not
find a reduction in the number of infiltrated macrophages in the nerve. However, other
studies have demonstrated anti-inflammatory effects of metformin, including the
reduction in macrophage activation and recruitment, promotion of their
differentiation into M2 macrophages, or the reduction in cytokine production (Xavier

etal., 2010; Shin et al,, 2017; Zhang et al., 2017; Jing et al.,, 2018; Nassif et al,, 2022).

We have also explored the possibility of a combined treatment to mitigate two
different stages of the FBR. During the early phases of the FBR, the pro-inflammatory
environment primarily generated by macrophages initiates a feedback process in
which pro-inflammatory mediators recruit more macrophages that surround the
implant site. Since the implant material cannot be eliminated, macrophages transition
from a pro-inflammatory phenotype to an anti-inflammatory one and lay the

groundwork for the action of fibroblasts and myofibroblasts during the late phase of

137



Discussion

the FBR. These cells secrete ECM components such as fibrin or collagen, leading to
the formation of a capsule that isolates the implant (Carnicer-Lombarte et al., 2021).
Dexamethasone reduces the number and activation of macrophages, promoting an
anti-inflammatory environment. Simultaneously, metformin inhibits the action of
fibroblasts and myofibroblasts, resulting in a smaller capsule around the implant. As
we had hypothesized, this combined treatment was the most effective when

compared to separate metformin and dexamethasone.

We have not investigated the molecular mechanism by which metformin
exerts its beneficial function, that is difficult due to the small size of the fibrotic
capsule produced in our model of FBR compared to pathological fibrotic diseases.
Since implanted devices are inside the nerve and must be relatively small, isolating the
cells contributing to the capsule may not be feasible. Additionally, lysates of the entire
nerve for protein expression analysis may yield unreliable results considering the
small size of the capsule compared to the whole nerve and the limited number of
fibroblasts compared to other cell types. Indeed, in a previous study, a wide cytokine
expression analysis was made on samples of the whole implanted rat sciatic nerve
from 6 hours to 8 weeks after implantation of a similar device as used in this study.
Only the initial burst of cytokine production resulting from the injury was detected
within the first days after implantation. From 2 weeks onward, no significant changes
in expression were observed, except for CCL2 and CCL3, that were overexpressed (de
la Oliva et al., 2018a) Similarly, other techniques that allow the analysis of specific cell

types, such as cell sorting, may face the same problem of not having sufficient cells.

Furthermore, fibroblasts are also present in the three layers in which the nerve
is structured, epineurium, perineurium and endoneurium. Therefore, specific markers
for activated fibroblast populations in the capsule would need to be identified, or the
capsule isolated from the surrounding tissue, as mentioned above. In this regard, many
FBR studies use larger subcutaneous implants that generate a thicker capsule and are
more easily isolatable from the surrounding tissue (Dondossola et al., 2016; Hernandez
etal, 2021; Jeon et al.,, 2022; Liu et al.,, 2022). However, as previously pointed out (de la
Oliva et al, 2018a), the evolution of FBR cellular events in time differs between

intraneural implant and subcutaneous implant.

Another aspect to consider is that neural electrodes are made of conductive

material embedded in a substrate material. The implants tested in this study only
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consist of substrate material (PT). Even though the conductive material is typically a
small part of the entire implanted device, so we expect a similar outcome in terms of
the FBR. However, depending on the stimulation protocol applied, there may be an
increase in the FBR due to irreversible chemical reactions at the electrode—electrolyte
interface that degrade the material or reduce the pH (Cogan et al., 2016; Gunter et dal,
2020). The wiring of functional devices can also induce tethering forces in the nerve

(Navarro et al., 2005).

General remarks

This thesis has addressed two of the main challenges in neural interfaces: the
use of novel materials to enhance functionality and the functional loss caused by FBR
over time. On one hand, we have evaluated the potential of a GBM to be part of
peripheral nerve electrodes. Biocompatibility and functional analyses revealed that
the EGNITE integrated properly into nervous tissue and its stimulation and recording
capabilities surpassed other materials used in neural electrodes. On the other hand,
metformin was used to mitigate the FBR, addressing a reduction in capsule deposition
around neural probes, particularly when combined with short duration
dexamethasone administration. These findings provide valuable insight to further

improve functionality and stability to bidirectionally interact with the PNS.
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Conclusions

The main conclusions of this thesis are summarized for the corresponding chapters

as:

Chapter 1. Biocompatibility evaluation of novel graphene-based intraneural

electrodes.

The novel graphene—derived conductive material, termed EGNITE, has good
biocompatibility, as assessed both in vitro and in vivo.

DRG and cortical neuronal cells seeded on top of EGNITE-based devices have
excellent viability.

Polyimide intraneural devices containing EGNITE can be considered as
biocompatible, as they do not cause any alteration in the nerve function and in
the nerve structure, after 8 weeks of implantation in the sciatic nerve.

The number of infiltrating macrophages and the capsule thickness around the

EGNITE containing devices are similar to implanted neural devices without

EGNITE.

Chapter 2. Novel graphene-based electrode for interfacing the peripheral

nervous system.

Transversally implanted polyimide electrodes (TIME) containing EGNITE as
conductive material are adequate to stimulate and to record specific subsets
of axons within the fascicles of the rat sciatic nerve.

The current threshold needed to stimulate axons in the sciatic nerve eliciting
a muscle response is significantly lower compared to other metal-based
materials, such as IrOx or platinum.

The implanted electrodes containing EGNITE allow for good stimulation
selectivity, inter— and intra-fascicular, with similar values of selectivity index
compared with previous TIME designs.

The intensity of stimulation required to evoke muscle responses increases
with time in subchronic implants from one month after the implant.
Electrophysiology recordings of CNAPs and ENG elicited by mechanical
stimuli are adequate in acute implants, but do not have enough signal-to-

noise ratio (SNR) in subchronic conditions.
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The high SNR of the EGNITE contacts allows the discrimination of
asynchronous action potentials evoked by different modalities of mechanical

stimuli.

Chapter 3. Enhancing chronic stability of intraneural implants. Modulation of the

foreign body reaction to intraneural implants in the peripheral nerve.

144

Long-term metformin treatment does not induce any secondary effects and do
not affect neuromuscular function of animals implanted with longitudinal
intraneural polyimide mock devices.

Metformin treatment does not affect the recruitment of macrophages during
the first phase of the foreign body reaction (FBR).

Metformin treatment decreases the capsule thickness of intraneural implants
at 8 weeks.

Dexamethasone administration decreases the number of recruited
macrophages and the capsule thickness of intraneural implants at 2 weeks.
The combined treatment of dexamethasone and metformin is the most
effective in reducing both the number of recruited macrophages and the

capsule thickness around the intraneural implant.
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