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SELF-INSERTING PERIPHERAL NEURAL INTERFACE
DESCRIPTION

Technical field

The present invention relates to a self-inserting peripheral neural interface or
electrode capable of an autonomous implanting on a nerve to perform an intraneural-
type arrangement.

Background

Peripheral nervous system is responsible for the connection between brain and
organs. Efferent neural signals allow to modulate organs functionality while afferent
neural signals allow the brain to monitor organs conditions.

Nerves are mainly composed of several groups of fibers bundled in fascicles, each
of them responsible for the control of a specific anatomical structure or function. Three
layers of connective tissue support allow the organization of nerves in fascicles. The
endoneurium surround each fascicle, then the fascicles are immersed in the perineurium,
and the epineurium is wrapped all around this structure, as a protective layer.

Traditionally, peripheral neural interfaces have been developed to deal with
situation in which the neural connection is missing due to several pathologies (e.g.,
traumas, degenerative pathologies). The role of neural interfaces is to record neural
signals arousing from peripheral organs using active sites to predict organ state and/or
modulate organ functionality by injecting an electrical current within the target nerve.

A wide range of known interfaces has been developed to deal with peripheral
nerves anatomy. The classification of them is based on the ratio between invasiveness
of the neural interface and their selectivity in nervous fiber recruitment. The more
invasive is the device, the more it is able to selectively injects current or record signals
from a specific fiber; however, invasiveness also means higher probability to induce
trauma to the nerve [1].

Traditionally peripheral nerves interfaces can be grouped in: epineural,
extraneural, interfascicular, intrafascicular and regenerative, based on their degree of

invasiveness:
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- Epineural: this type of interface is placed beside the nerve. One of the larger used in
clinical practice is the “tined lead” type; this nerve interface is easy to implant but has a
very low selectivity.

- Extraneural: this type of interface surrounds the nerve. The most used in clinical
practice is the “cuff” type. The first is in the form of a cylinder wrapped around the nerve
[1]- The “cuff” type is easy to implant and can be made with a wide range of materials.
The electrical contacts are placed within its internal surface both in radial and longitudinal
direction (enabling both targeting different regions of the nerve cross—section both the
recording of nerve signals traveling along the nerve axis). Long-term implantation is well-
tolerated thanks to the low degree of nerve invasiveness. However, the “cuff’ type has
low selectivity causing the stimulation of the whole nerve section and/or the recording of
Compound Action Potentials only resulting in a low signal-to-noise ratio. Another
example of extraneural interface is the “Fine” type which has a higher selectivity
compared to the cuff maintaining the easiness of implantation. The “Fine” type as a cuff
geometry reshaping the nerve to move the fascicles closer to the electrode contacts
However, the higher selectivity is based on nerve compression which induces fascicular
position reshaping thus it still is not enough selective and can cause nerve damage.

- Interfascicular: this type of interface can reshape epineurium and nerve geometry
displacing nerve fascicles and allowing electrical contacts to increase their proximity with
nerve internal fascicles. The known “Spine” type of interfascicular interface is in form of
a cuff with extruding contacts. These interfaces have higher selectivity compared to the
extraneural type. However, they present some drawbacks; in particular, the contact
number is still low, they are difficult to miniaturization. Moreover, they have a long time
of implantation.

- Intrafascicular: this intraneural interface also penetrates the epineurium allowing
contact nerve internal fascicles. There are several known types of intraneural interfaces
as “Life”, “Time”, “Seline”, “Utah array”, “Usea array”. “Life” is a neural interface with a
low number of active sites resulting in average selectivity, already tested long-term in
humans [4], [5]. “Time” has an average number of active sites and high neural selectivity
tested long-term in humans [4], [6]. Both “Life” and “Time” are biocompatible [7]. “Time”

interfaces present the problem that the transverse positioning of electrodes with respect
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to nerve longitudinal axis is not optimal for either recording nor stimulation in bipolar or
tripolar configuration [1]. Furthermore, nerve trauma could be occurred during insertion.
“Utah array” and “Usea array” types have a high number of active sites resulting in a high
selectivity. They have been tested in humans [8]. However, they are characterised by a
high degree of invasiveness and stiffness [9] and they need for a pneumatic inserter to
be implanted.

- Regenerative: this type of interface restores the connection between nerve stumps.
Some types of regenerative interface are “Sieve”, “Microchannel” and “Teeni” [10], [11],
[12]. They have a high number of active sites and are highly selective; but they take very
long time since nerve has to be regenerated, for the implantation the nerve has to be cut
thus they are only suitable for traumatic nerve damage.

Some other examples of known prior art are described below.

In WO2009012502 an implantable electrode is described, comprising a stem and barb
structure. The active sites are located on the barb structure which may be less than the
stem (<25um) and is therefore potentially smaller/miniaturized. The device has a
morphing behaviour and in particular it changes between two states with respect to the
temperature when implanted. Once the barb structure extends, mechanical stability is
given. The active sites penetrate the fascicles. This electrode is inserted mechanically,
and the active sites are distributed longitudinally but not laterally and therefore not in a
3D manner. The described device is not able to autonomously penetrate the nerve
because the morphing mechanism only obtains the electrical connection of the barbs of
the electrode but not the implantation inside the nerve. The implantation procedure is not
“surgeon-free”.

The international publication W0O2016005400A1 describes a device for detecting
impulses within a nerve. The device comprises a support for securing to the epineurium
of the nerve, at least one spike extending from said support, arranged to penetrate the
perineurium (intraneural) and at least one chemical sensor arranged on a surface of the
at least one spike. The device also comprises three-dimensional (3D) distributed and
miniaturized active sites. However, the device has to be inserted manually. There are no

functional substances embedded in the electrode reducing neural damage.
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Another example of known electrode is described in WO9510227. During the process of
closure of the interface around the nerve, the active sites are self-curling to drive into the
nerve, however the active sites are not penetrating the perineurium, fascicles are
mentioned to be displaced rather than pierced (such as is supposed to happen in
intrafascicular interfaces); in addition of that the time of implantation is quite long.
CN104548345A describes another example of implantable electrode with morphing
properties. In particular the publication discloses an elastic self-curling coating nerve-
implantable connector device. The elastic self-curling coating nerve-implantable
connector device comprises a stimulating electrode array unit. Said stimulating electrode
array element is the array arrangement that m row n arranges.

Summary of the invention

In this context, the addressed technical problem is to overcome one or more of the
drawbacks previously mentioned with reference to the known prior art. In particular the
technical problem posed and solved by the present invention is to provide a peripheral
neural interface that autonomously achieve a selective, stable, and simultaneously safe
interaction with nervous fibers when implanting the interface for the long-term application
with high-repeatability; wherein “autonomously” means: A) without the need of additional
insertion devices, which can cause significant damage or trauma to the nerve and, and
B) free from surgeon sensitivity, which can significantly reduce repeatability of the
implant procedure.

The use of additional insertion devices or the need for surgeon dexterity may also
possibly weaken its market potential on the longer period as well because of cost-
effectiveness.

Such a problem is solved by a peripheral neural interface according to claim 1.
Preferred features of the present invention are the object of the dependent claims.

Brief description of the drawings

The present invention and the following detailed description of preferred
embodiments thereof may be understood by reference to the following figures:

- Figure 1 shows the matrix 1 of the interface in an open configuration with respect
to anerve N;

- Figure 2 shows external layer and internal layer of the neural interface;
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- Figures 3a and 3b show intraneural means of the electrode in a first
embodiment;

- Figure 4 shows extraneural means of the neural interface;

- Figures 5a and 5b shows a second embodiment of the intraneural means of the
interface with a non-penetrating portion;

- Figures 6a and 6b 3d show a third embodiment of the intraneural means;

- Figure 7 shows a first embodiment of anchoring means of the interface to the
nerve N;

- Figures 8a and 8b show the electrode and in particular the anchoring means and
the intraneural means at the initial time of implantation and at the end of the implantation
process into the nerve;

- Figures 9a and 9b show another embodiment of the neural interface;

- Figure 10 shows a second embodiment of anchoring means of the interface to
the nerve N;

- Figures 11 and 12 show other embodiments of anchoring means of the interface
to the nerve N;

- Figures 13, 14 and 15 show different geometry of a penetration portion with
linear high aspect ratio of the intraneural means;

- Figures 16a and 16b show another geometry of the penetration portion of the
intraneural means made of smart materials.

Detailed description of preferred embodiments

The peripheral neural interface according to the invention comprises a matrix 1
with an own thickness L1 (figure 1). The matrix 1 comprises two overlapping layers each
of them made of different materials. In particular, an external layer 10, with a thickness
L10, that defines an outer surface 100 of the electrode itself and an internal layer 11,
with a thickness L11; wherein L1=L10+L11.

The meaning of the terms “outer” and “inner” is intended in relationship with the
arrangement of the interface on the nerve N; in particular, when the interface is implanted
the internal layer is in proximity of the nerve surface, instead the outer layer is more

distant from the nerve surface.
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The internal layer defines a inner surface 111 adapted to contact with the nerve
surface.

The internal layer also defines an interfacial surface 110 adapted to contact with
the external layer 10.

The matrix 1 and the external layer 10 as consequence, has any geometrical shape
which has a nominal diameter comparable with the target nerve diameter; examples of
geometrical shapes are cylinder, a cylinder with a lattice structure, a helix, a rectangular
structure.

The external layer 10 mechanically anchors the neural interface to the nerve due
to its geometrical shape.

The external layer 10 has elastic properties and insulating properties. Suitable
materials are, for example, polydimethylsiloxane (PDMS), silicone, etc.

In a further configuration the external layer 10 comprises two or more layers made
of the same or different materials. For example, suitable materials are
polydimethylsiloxane (PDMS), silicone, etc..

In general, it is preferable that in case of a plurality of layers the external one will
be made of a material with at least insulating properties.

With reference to the internal layer 11, according to an aspect of the invention it is
made of a degradable biocompatible material. The degradable layer will be also called
“sacrificial layer”.

In an embodiment of the invention, the degradable material is a biocompatible
biodegradable polymer.

A non-limiting example of suitable material is Polyethylene glycol (PEG) which is a
flexible, water-soluble, and biocompatible polymer already used for neural applications,
as a stiffener [13]-[15].

Other possible solutions are based on the use of silk or chitosan [15], [16].

Another suitable material is for example Polyglicerol sebacate.

The external layer 10 can have two layer (10l and 10E) and the external one (10I)

has to be made with a material with insulating properties (figure 12).
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The neural interface also comprises intraneural means 2 to detect a neural signal
from nerve and/or inject electrical current, by penetrating the nerve epineurium (figure
3a).

In an preferred embodiment of the invention, intraneural means 2 are constituted
of electrically conductive means.

Intraneural means 2 are embedded into the matrix 1.

The intraneural means 2 define a penetration tip 20. When the neural interface is
not implanted, the intraneural means 2 is embedded into the internal layer 11. When the
interface is implanted into the nerve N, the penetration tip 20 and the intraneural means
2 penetrates the nerve epineurium (figure 3b).

The intraneural means 2 also comprise a fixed tip 21 opposite to the penetration
tip 20. The fixed tip 21 is stable connected with the matrix 1.

The fixed tip allows the connection of the intraneural means 2 to an external
recording/stimulation device (Figure 3b, 5b and 6b).

In a first configuration of the invention shown in figures 3a and 3b the intraneural
means 2 are embedded into the internal layer 11. In this case the fixed tip 21 is stable
connected to the interfacial surface 110.

In a further embodiment, the intraneural means 2 defines two portions: a
penetration portion 200 comprising the penetration tip 20 and a non-penetration portion
210 comprising the fixed tip 21. The penetration portion 200 penetrates the nerve,
instead the non-penetration portion 210 remains out of the nerve during implantation
(figure 5a and 5b).

In this embodiment the penetration portion 200 is embedded into the internal layer
and the non-penetration portion is embedded in the external layer.

With reference to figures 5a and 5b, in a first configuration of the invention, the
non-penetration portion 21 is completely embedded into the external layer 10.

In a further configuration, shown in figures 6a and 6b the non-penetration portion
210 is embedded into the external layer 10 and the fixed tip 21 project out of the external
layer on the surface of it. In this case a insulating cover 23 can be provided onto the free
end to assure the insulating of it. The insulating cover 23 can be placed locally in

correspondence of the fixed tip 21.



10

15

20

25

30

WO 2024/105559 PCT/1B2023/061481

Intraneural means 2 comprise for example one or more micrometric high-aspect-
ratio conductive linear elements. For example, they are made of micrometric diameter
and biocompatible wires. As an example, carbon fibers have already been used to
penetrate peripheral nerve thanks to its high elastic modulus (230-250 GPa) [18]-[20].

In this example, shown in the figures 13 and 14, the penetration portion has length
L20 and the non-penetration portion, where presents, has length L21.

In general, the height of intraneural means is such that when the nerve is
penetrated, the conductive portions does not overcome the nerve radius.

In another embodiment of the invention, intraneural means are made using additive
manufacturing techniques with nanometric resolution, such as two-photons lithography
or three-dimensional photolithography (e.g. nanoscribe or 3D printing) [21].

For example, they can be made with epoxy-based negative photoresist (such as
SU-8) covered with metallic layer (such as gold), (Figures 14, 15) in order to obtain a
hooked shape adapted to avoid the undesired extraction of the penetration portion.

Other examples of suitable materials for the making of the intraneural means are
smart materials, for example conductive materials like shape memory alloys, capable to
change shape in function of a temperature variation.

Examples of intraneural means 2 obtained with smart materials are shown in
figures 16a and 16b where it is visible the opening movement of the penetration portion
when inside to the nerve, in order to obtain a hooked shape and therefore avoiding the
undesired extraction of the conductive element itself.

Each conductive element projects from the inner surface 111 of the internal layer
11 in a perpendicular direction when the layer is in a planar arrangement, therefore in a
radial arrangement when the neural interface is disposed around the nerve.

The intraneural means 2 can be positioned and distributed in a custom
configuration on the nerve cross-section in order to achieve the highest possible neural
selectivity. The intraneural means, when the device is implanted, are distributed within
the nerve cross-section such that the largest part of the nerve area is covered.

Again, the intraneural means 2 can be positioned in a custom configuration on the
longitudinal nerve section. When the device is implanted, they have more than one active

site distributed within the nerve axis to allow also bipolar or tripolar recording.
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Anchoring or suturing means 12 for the stable fixing of the neural interface to the
nerve are associated to the external layer 10.

In an embodiment anchoring means comprises suturing wires 12 projecting by the
opposite end of the external layer (figure 7).

Other possible examples for the means fixing the external layer 10 to the nerve
can involve the use of a hook structure (figure 10), a clip structure (figures 11, 12), ora
magnetic mechanism.

According to another configuration of the neural interface, it also comprises
detecting/stimulating extraneural means 3 to detect a neural signal from nerve and/or
inject electrical current, by surrounding the nerve epineurium. The detecting/stimulating
extraneural means 3 are displaced on the surface 110 (Figure 4).

In another embodiment of the invention, optical fibers for optogenetic stimulation
or microfluidic delivery are provided with intraneural means 2.

During the implantation procedure on the nerve N, the neural interface is wrapped
around the nerve N by gently pulling its extremities and slightly increasing its nominal
internal diameter thanks to the elasticity of the material constituting the external layer 10.
The implanted external layer wrapped around the nerve N is deformed from its nominal
diameter in the range of small deformations.

When the sacrificial layer 11 comes in contact with the neural tissue, it gradually
degrades, causing the reducing of the sacrificial layer thickness L11; consequently, the
penetration portion 20 of the intraneural means 2 gradually is exposed out of the
sacrificial layer 11 and therefore it penetrates the nerve.

The progressive exposure of the intraneural elements allows the self-penetration
of them within the nerve fascicles. While the exposed penetration portion of each
intraneural element pierces the neural tissue, the residual sacrificial layer acts as a
supporting material avoiding bending and/or fracture of the conductive elements.

During the degradation of the sacrificial layer 11 the external layer 10 wrapped
around the nerve applies a compression onto the nerve itself. The compression results
as a consequence of its deformed state from its nominal diameter, due to the elasticity

properties of the material of which the external layer is made. The compression force
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exerted by the external layer 10 pushes the conductive elements 2 through the neural
tissue of the nerve.

At the same time, nervous tissue swells as a consequences of the trauma induced
from through the implantation of the device. The swelling process works in the opposite
direction of compression, helping the penetration process. The natural swelling process
allows to reduce the compression force required to insert the intraneural means 2 within
the nerve N.

Once the intraneural elements have penetrated the nerve with their penetration
portion 20, neural signals from nerve fibers and/or can be recorded or electrical current
can be injected into the nerve. At this time, the described neural interface can be
considered to be an intraneural-type neural interface.

Rewording, the mechanism of action consists of the following steps:

a. The neural interface is wrapped around the nerve exerting an elastic enlargement
of the external layer; as a consequence, the interface exerts compression onto
the nerve. In the meanwhile, the implanted nerve undergoes a swelling process
as a physiological response to the contact with the interface.

b. The sacrificial layer 11 undergoes degradation as soon as in contact with the
physiological environment. Therefore, the autonomous morphing process starts.
Consequently, penetration portions 20 of conductive elements 2 embedded
within the internal layer 11 are exposed and come in contact with the nervous
tissue.

¢. The interface is implanted through the combination of the two opposite direction
forces described at step 1 (compressive force on the nerve and swelling process
of the nerve) which allow the progressive self-penetration of the conductive
penetration portions 20 of the intraneural means 2. The gradual degradation of
the sacrificial layer 11 prevents the conductive elements bending and/or fracture.

Example of an embodiment of the invention:

The following example shown in Figure 7 describes a possible configuration, of the
described device according to the invention.
Considering a small nerve having a 500 um mean radius, the height of the portion

20 of the intraneural means which penetrate the nerve could be realized in the order of
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200 um. Thus, the starting sacrificial layer height L11 is at least 200 um to completely
embeds the intraneural means 2. By choosing carbon fibers as the material to realize
the intraneural elements 2, the insulating portion 10 has a height equal to at least 2/3 of
the penetrating portion of the conductive elements in order to avoid carbon fibers fracture
(tensile strength 4.5 GPa), then L10 is at least 600 um. This value is comparable with
extraneural cuff interface commercially available. Then, the total intraneural means 2
length is at least 800 pm.

Possible fabrication methods:

Method 1: Fabrication of the interface by using an array of single carbon fibers as
active sites integrated within a PDMS substrate casted with photolithographic
techniques.

The process provides the use of traditional photolithographic techniques to realize
a PDMS structure (external layer 10) with micrometrics holes (order of 10 pm) housing
carbon fibers (electrical penetrating conductive means 2). As for all the traditional
photolithographic techniques the PDMS patterning are performed on a silicon wafer.

Briefly, the fabrication process comprises the step of:

1) Pre-treatment of the silicon wafer (dehydration) at 120 C° for 120 seconds. 2)
Spin coating of 150 um of negative photoresist (e.g., SU-8 2050) on the silicon wafer
(e.g., spin speed 1250 rpm for 8 seconds). 3) UV-exposure of photoresist for 10 seconds,
using a mask-aligner in soft contact mode and a photolithographic mask to realize an
array of holes (10 pm diameter). 4) Dry O etching of the exposed surface to remove SU-
8 and open round structures. 5) Insertion of 200 um long, 8 um thick carbon fibers into
the 10 um openings. Fixation of carbon fibers within the holes with biocompatible
biodegradable material (e.g., polyethylene glycol 3350 (PEG)) to hold the in position.
The electrically conductive means 2 are made of carbon fibers. 6) In order to obtain the
external layer 10, spin coating of Polydimethylsiloxane (PDMS) at 4200 rpm for 10
seconds. Baking at 120C° for 15 minutes. 7) Deposition of PDMS-platinum (100 nm
thickness) and sputtering of activated iridium oxide film (250 nm) to realize electrical
connection of the device with the external stimulator. 8) Repetition of step 6 to cover the
device with PDMS and electrically insulate the device. 9) Lift-off of SU-8 layer and

detachment of the device from the silicon wafer. 10) Spin coating of biocompatible



10

15

20

25

30

WO 2024/105559 PCT/1B2023/061481
12

biodegradable elastomeric material (e.g., polyglycol sebacate) at 1200 rpm for 10
seconds on the fibers to realize the internal sacrificial layer 11. 11) Interfacing with device
through manually soldering 120 diameter copper micro-wires to the realized electrical
connection.

Method 2: Fabrication of SpiCE interface by using an array of carbon-fibers
bundles as active sites integrated within a PDMS substrate casted with additive
manufacturing techniques.

The process comprises the use of additive manufacturing techniques (e.g.,
stereolithography) to realize a resin mold for the casting of a PDMS structure (external
layer 10) with micrometrics holes (order of 100 um) housing bundle of carbon fibers
(electrical penetrating conductive means 2).

Briefly, the fabrication process comprises the following steps:

1) Dip coating of around 10 carbon fibers into polyethylene glycol 3350 (PEG) to
realize a 100 um diameter carbon-fiber bundle and curing at room temperature
for 120 minutes. Repetition of previous step to have multiple carbon-fiber
bundles. Carbon-fiber bundles materialize the electrically conductive means 2. 2)
Cutting carbon-fiber bundles into a 200 um long pieces. 3) Realization with
stereolithography of a resin mold made of two pieces. Holes of 100/150 pm in
diameter are constructed within the mold to insert metallic needles. 4) Insertion
of one carbon-fiber bundle into each needle. 5) Injection of PDMS into the mold
and polymerization at 120 C° for 60 minutes. The PDMS structure is the external
layer 10. 6) Cooling down the mold to room temperature and extraction of PDMS
structure with carbon-fiber bundles embedded. 7) Extraction of needles allowing
carbon-fiber bundle to stay within the PDMS. 8) Integration of the system
containing the carbon-fiber bundle into a cuff system. 9) Spin coating of
biocompatible biodegradable elastomeric material (e.g., polyglycol sebacate) at
1200 rpm for 10 seconds on the fibers to obtain the internal sacrificial layer 11.

Method 3: Fabrication of the interface by using an array of high-aspect ratio
intraneural conductive means 2 as active sites realized using two-photon lithographic
techniques integrated within a polyimide substrate casted with traditional

photolithographic techniques.
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The process comprises the use of traditional photolithographic techniques to
realize a polyimide structure (external layer 10) with bidimensional electrical contacts.
Parts of the conductive means will constitute electrically conductive means 3. On the top
of the remaining three-dimensional 3D penetrating electrically conductive means will be
realized by using high-resolution two-photon lithographic techniques.

Briefly, the fabrication process comprises the following steps:

1) A thin-film, multi-site electrode based on a polyimide substrate is realized using
thin-film microfabrication techniques. The polyimide substrate is the external
layer 10. Parts of the contacts within the realized multi-site electrode is electrically
conductive means 3. 2) Multi-site electrode is mounted on a thin optical glass and
a drop of liquid acrylic photoresist (e.g., IP-Dip, Nanoscribe, GmbH) is deposited
over the multi-site electrode, 3) The 3D penetrating elements (that will constitute
means 2) are printed through the optical glass substrate using a two-photon-
polymerization-based, dip-in resonant direct laser writing (rDWL) process (e.g.,
Nanoscribe, GmbH). 4) Printed samples are developed (e.g., using propylene
glycol monomethyl ether acetate, PGMEA in a 25 mL beaker for 10 minutes). 5)
Deposition of 100 nm platinum using evaporation on top of the 3D penetrating
elements, and consequent deposition of Iridium Oxide (Ir-Ox) through
electrochemical deposition in a standard three-electrode setup. 3D printed
penetrating elements coated with Ir-Ox are the electrically conductive means 2.
4) Spin coating of biocompatible biodegradable elastomeric material (e.g.,
polyglycol sebacate) at 1200 rpm for 10 seconds on the fibers to realize the

internal sacrificial layer 11.

The described device obtains several advantages.

The sacrificial layer allows an innovative method for the easy implantation of
intraneural interfaces within small nerves in a small operative surgical area for long-term
application, reducing the total tissue exposure during the surgery and therefore reducing

tissue damage.
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The sacrificial layer also avoids the sensitivity to surgical operator skills thus
reducing the outcome variability. The repeatability introduced by the sacrificial layer
enable the present invention to be industrially competitive.

The sacrificial layer 11 achieves two main goals: 1) it protects the intraneural
means 2 from bending during implantation allowing a fast and simple implantation
procedure; 2) it provides assistance to the intraneural means 2 allowing their self-
penetration.

The mechanical action underlying the morphing procedure, i.e., the sacrificial layer
degradation, is thought to be passive in order to achieve the higher order of simplicity.
The integration of other morphing strategies does not affect the core aspects of the
proposed technical solution.

The sacrificial layer dissolution time defines the characteristic implantation time.
allowing the fast insertion (in the order of minutes) of one or multiple intraneural means,
reducing tissue exposure and, thus, possible infections.

The degradation time of the sacrificial layer 11 is in the order of minutes. Therefore,
mechanical anchoring of the electrode without bending of intraneural means can be
assured during implantation. Contemporary, this is a period short enough to avoid too
long surgeries and nerve compression.

Moreover, the sacrificial layer allows the nerve penetration avoiding the need for
extra assistant tools (such as inserters and/or micromanipulators) and reducing surgical
manipulation of the nerve, finally reducing the chance of nerve trauma.

Advantageously, the sacrificial layer can integrate substances, such as
collagenase, which can reduce the epineurium stiffness and thus reducing the
penetration process complexity [17].

The sacrificial layer 11 or the intraneural means 2 can embed or deliver drugs for
nerve repairing, reducing post-surgery trauma.

The present neural interface configuration and implantation method is a scalable
to every nerve diameter, by customizing each elements dimension. This to safely apply
an intraneural approach also to small nerves, which otherwise are easy to damage and

difficult to implant. Furthermore, the autonomous implantation of penetrating portion
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reduces the need for surgeon, avoiding the repeatability of the process to be affected by
surgeon.

The combination of an external layer 10 to anchor the nerve, a intraneural means
2, which penetrate it allows the stability of the interface in long-term implant, avoiding
interface dislocation from implant site and reducing nerve trauma and decrease fibrotic
tissue development.

The external layer 10 and suturing or anchoring means 12 provides mechanical
stability to the implant avoiding unwanted movements of the intraneural means.

The present invention offers a strategy to find a trade-off between high selectivity
and fascicles-resolution, typically offered by intraneural interfaces (such as “Utah array”),
and easy implantation and mechanical stability, typically offered by extraneural
interfaces. The autonomous insertion process allows achieving intrafascicular interaction
in small nerves reducing the surgical manipulation of the nerve. The morphing strategy
allows inserting of high-aspect-ratio and miniaturized structures within the nerve
preserving the tissue safety from damages in the long-term implant. The high-aspect-
ratio feature allows significantly reducing the amount of nerve damage.

The sacrificial layer 11 allows the penetration of ultra-miniaturized and high-aspect-
ratio intraneural means 2 within the nerve avoiding their bending or fracture. This results
in a high fascicular resolution selectivity (spatial selectivity within the nerve cross-section)
avoiding neural tissue damage and preserving nerve safety.

The 3D distribution of the intraneural means 2 both within the nerve cross-section
and nerve axis allows to achieve selectivity and at the same time open the possibility to
customize the stimulation and recording configuration (monopolar, bipolar, or tripolar) in
a longitudinal or transversal manner.

The 3D distribution of the intraneural means 2 avoids unidirectional transversal
insertion of penetrating structures within the nerve, reducing nerve fascicles trauma.

The 3D geometry of the device enables to increase the mechanical stability of the
implanted interface within the nerve, avoiding possible dislocation, compared to

monodimensional brittle devices.



10

15

20

25

30

WO 2024/105559 PCT/1B2023/061481
16

The modularity of the geometry of the external layer, the internal layer and of the
anchoring means allows the easy customization of the characteristic dimensions of the
electrode to the nerve.

The modularity of the geometry enables the use of multiple fabrication techniques.
Long time of lithographic process used for the greater part of neural interfaces can be
avoided.

The 3D distribution of the intraneural means 2 enables to change the relative
position of active sites within the transversal sections along the nerve axis by applying a
rotation along the nerve axis and thus contacting more nerve fascicles and increasing
the neural fascicular (spatial) selectivity.

The 3D distribution of the intraneural means 2 enables to configure the interface
within the most convenient stimulation and/or recording modality (e.g.: monopolar,
bipolar or tripolar configuration).

The advantages of having a "surgeon-free" implant procedure are to guarantee the
repeatability of the process and reduce the risk and error margin during the procedure.

Thanks to the three-dimensionally anchoring to the nerve, the device according to
the invention is less affected by the breaking of the electrode due, for example, to an
undesired displacement of the device itself.

The present invention has been described with reference to preferred
embodiments. However, it will be understood that variations and/or modifications can be
brought to the grasper device according to the present invention without thereby

departing from the scope of the invention as defined in the following claims.
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CLAIMS

. An implantable peripheral neural interface comprising a matrix (1) adapted to be

wrapped around a nerve (N) and intraneural means (2) embedded into said
matrix, said matrix comprising two overlapped layers, an external layer (10)
defining an outer surface (100) of the neural interface and an internal layer (11)
defining an inner surface (111) of the interface, said intraneural means defining
at least a penetration tip (20) adapted to penetrate at least the epinerium of said
nerve the penetration tip (20) being embedded into said internal layer, said
internal layer (11) being made of a biodegradable material adapted to degrade
in contact with the nerve surface, the degradation of said internal layer makes

exposed said penetration tip (20) of said intraneural means.

2. The implantable peripheral neural interface according to claim 1, wherein said

intraneural means (2) comprise electrically conductive means.

3. The implantable peripheral neural interface according to claim 1 or 2, wherein

said intraneural means (2) comprise a penetration portion (200) comprising said
penetration tip (20) and a non-penetration portion (210) that remains out of the
nerve during implantation, said penetration portion (200) being embedded into
said internal layer (10), said non-penetration portion (210) being associated to

said external layer (11).

. The implantable peripheral neural interface according to claim 3 wherein said

intraneural means (2) comprise a fixed tip (21) opposite to said penetration tip

(20), said fixed tip (21) being stable connected to said matrix.

. The implantable peripheral neural interface according to claim 4, wherein said

fixed tip (21) is connected to an interfacial surface (110) between said internal

and external layer.

. The implantable peripheral neural interface according to claim 4 wherein said

fixed tip (21) is embedded into said external layer.

. The implantable peripheral neural interface according to claim 4 wherein said

fixed tip (21) is connected to said outer surface (100).

. The implantable peripheral neural interface according to any of the previous

claims wherein said external layer provides one or more layers.
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9. The implantable peripheral neural interface according to any of the previous
claims wherein said external layer (10) is made of a biocompatible material with
elastic and insulating properties.

10. The implantable peripheral neural interface according to claim 9 wherein said

5 material is polydimethylsiloxane (PDMS).

11. The implantable peripheral neural interface according to any of the previous
claims wherein said degradable material of said internal layer is a biocompatible
biodegradable polymer.

12. The implantable peripheral neural interface according to claim 11 wherein said

10 internal layer is made of polyglycerol sebacate.

13. The implantable peripheral neural interface according to any of the previous
claims wherein said intraneural means comprise one or more micrometric high-
aspect-ratio conductive linear elements.

14. The implantable peripheral neural interface according to any of the previous

15 claims wherein suturing means (12) for the stable fixing of the electrode to the
nerve are associated to the external layer (10).

15. The implantable peripheral neural interface according to claim 14 wherein
suturing means (12) comprises suturing wires projecting by the opposite end of
the external layer.

20
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