Technological solutions for
Spinal Cord Injuries
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Presentation Outline

 Spinal Cord Injury (SCIl) — some history

* How to cure Spinal Cord Injury?

* Neural regeneration
* Neuroprostheses

* Brain-computer interfaces

* Nanotechnology for Spinal Cord Injury repair

e Nanomaterials at IMDEA nanociencia
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Nanomedicine at IMDEA Nanociencia
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Spinal Cord Injury (SCl)

After a Spinal Cord Injury (SCI), communications
between the brain and the neural circuits that dictate
movement are interrupted.

Brain, muscles and receptors are working, but the
connection is lost!

paralysis: paraplegia / tetraplegia
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Between 250 000 and 500 000 people suffer a SCI every year

In European countries 10 — 20 per million inhabitants-year
Estimated lifetime cost in US for complete tetraplegia
occurring at 25 years old is over 5 million dollars

Spinal Cord Injury -
Paralysis

Complete Spinal Cord 6|
Injuries Z )
Patient will develop complete motor and i ,
sensory loss below the level of the lesion ‘i“
with the return of bulbocavernosus reflex. ¢
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Spinal Cord Injury (SCl)

Percantage ol cases
resulting in mortality

© upto 1 year from injury
O 1-10years

0.6%  Since 2015

M Incomplete Tetraplegia
B Incomplete Paraplegia
Complete Paraplegia
B Complete Tetraplegia

® Normal

3.3% Since 2015

i "y 4. 1% '
0=UU3 :

M Vehicular
M Falls
Violence
M Sports
! Medical/surgical
W Other

US National SCI Statistical Center Facts and Figures 2021



Bl deat= Spinal cord anatomy

OD .
= Spine: 73 cm long
' Spinal cord: 40-45 cm long
©
o 1 cm diameter
=
[«B)
o Caivieal : C4 injury
= ofvica T (tetraplegia)
(«b] -
= Spinal cord
2 N " Thoracic
= erve roots C6 injury
«© (tetraplegia)
= Lumbar
: Meninges e -
= 8 Sacral ) T6 injury
= ! (paraplegia)
= Coccygeal /
L1 injury
(paraplegia)
European SCI Federation webpage
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R.P.Bungue et al., Advances in Neurology 1997, 72, 305-313
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Spinal cord anatomy

Dendrites
Nucleus
Axon hillock

Gray matter Dorsal  Visceral sensory nuclei
horn

Somatic sensory nuclei Synaptic terminals

Firing of

Dorsal root action potential
. ganglion \
(<) Synapses
-t Upper motor neuron
e Afferent sensory _
o Lateral information AT \. | Myelin sheath
z horn through axon
S \ Efferent signals to 3 Nodes of Ranvier
= muscles and glands ‘
«© Ventral — via the Ventl'agl root Neurotransmission T
— root at synapses . furiction
V'e‘ntral Somatic motor nuclei
orn — {
Autonomic efferent nuclei T - B | \ —~
) . Muscle action potentigl
b Wh |te m atte r: bu nd Ies of axons initiates muscle contraciton
) , @ ° 8gray matter: neuron cell bodies « Motor information T—
( N J . .
' 0. © 6 * Sensory information
2 @ ‘ e Automatic nervous system
4

H. Katoh et al. Front. Cell. Neurosci. 2019, 13, 248
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nanoscience.

Autonomic nervous system (ANS) regulates:

* Heart rate

Digestion

Respiratory rate

Urination
* Sexual arousal

It acts mostly unconsciously

It is not only motion that is lost in SCI
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SCI historical progress

e ...—19% century: An ailment not to be treated

19th — early 20" century: Desperate treatments
Donald Munro (1898-1978)

Thirties of thg 20th century: stabilization with Father of paraplegia
pharmacological treatment First SCI unit in 1936

Essential the discovery of penicillin 1928 (Alexander
Fleming) — Antibiotics
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Thirties — seventies : How to survive? Stabilization
and rehabilitation

* Eighties —:
1§00 How to cure SCI?
T e John Young (1919-1990)
) O establishment of global

W. H. Donovan, J Spinal Cord Med. 2007,30,85-100 rehabilitation
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Inaugurated in 1974
e Extendedin 2013

e Global rehabilitation

* Leading research

* Awards received each year

https://hnparaplejicos.sanidad.castillalamancha.es
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Two strategies:

1. Biological regeneration: take advantage of the regenerative capability
of central nervous system neurons in the proper environment
e cell-based therapies
e Scaffolds
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2. Neuroprosthetics: use of devices that interface with the nervous
system with aim to restore lost functions
e Stimulation therapies
* Brain-Computer Interfaces

] @
LA Training rehabilitation is always essential
@



u , nstitu to 9 PR g Excitotoxicity, Hemorrhage, Oxidative stress, etc
AVA ST evered axons
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Neural tissue death (neurons and maintenance
cell), demyelination and axonal degeneration
2. Intensive local inflammatory response leads to:

@
= e activation of resident microglia: scar-forming — S N —
o Activated microglia
y :, astro Cyt es pg':::g;;’;g;:t’ggt:@ (Neutlrrggnr:l‘:\/asg:r%iﬁages)
< * infiltration of macrophages
= 3. Formation of glial and fibrotic scars T e
K « Main impediment to CNS axonal regeneration Severed axons Spinal cord atrophy | CSPGs
=  Prevent the spread of injury P 7 _ ,
4. Tissue degeneration: formation of cystic cavities 2 L L
full of cerebral spinal fluid - N -
- =4 5 : ‘ .
% *_\ )
) & 00
[ X
) @ 00
' .‘ ‘ .. Oligodendrocytes Resting astrocytes Cavity  Glial scar  Resting microglia

H. Katoh et al. Front. Cell. Neurosci. 2019, 13, 248
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1. Cell-based therapies

Transplantation of neural stem/progenitor cells (NSPCs) into the lesion
site to make it a hospitable environment.
* replace damaged cells

e * provide local neurotrophic factors
= * promote axonal sprouting, regeneration, and remyelination
= * promote neural plasticity o .
o rhesus monkeys NPCs plus Fibrin matrix
= 2. Biomaterial scaffolds right-side C7 hemisection g 0 o
Implantation of a ‘scaffold’ into the cavity that provides A
axons with a substrate on which to grow and to restore
tissue continuity.
e Support for axonal sprouting and growth
) @ °* Deliver growth/vascularization factors and drugs
( X J
) @ 0@
) @ ]

host white matter caudal 6 mm
Rosenzweig et al., Nature Medicine 2018, 24, 484-490 to the lesion site



- 1.Cell-based therapies
2. Biomaterial scaffolds
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= Not an easy task: poor translation of successful
o strategies in animal models of SCI to human patients
- Need to determine the regeneration of specific
= pathways
= (chemical neural tracers)
) N )
( X J
) & OO
o0 ©
) @ ]

Rosenzweig et al., Nature Medicine 2018, 24, 484-490

Biological regeneration

Fibrin matrix
NPCs plus

fibrin gel

rhesus monkeys
right-side C7 hemisection

host white matter caudal 6 mm
to the lesion site
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Two strategies:

1. Biological regeneration: take advantage of the regenerative capability
of central nervous system neurons in the proper environment
e cell-based therapies
e Scaffolds
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2. Neuroprosthetics: use of devices that interface with the nervous
system with aim to restore lost functions
e Stimulation therapies
* Brain-Computer Interfaces

] @
LA Training rehabilitation is always essential
@



dea‘ Neuroprostheses

Neuroprostheses are devices that use electrodes to stimulate and sense the
nervous system including muscles, nerves, spinal cord, or the brain.

More invasive than biological regeneration but presently more advanced in
human application.
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2quent 0.6% Since 2015

) . M Incomplete Tetraplegia
. . M Incomplete Paraplegia
) @ ® . 0 1a
. © 7% B Complete Tetraplegia

Normal
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Stimulation therapies

Parastep |™

System

e FES: Functional Electrical Stimulation. Electrical nerve stimulation

 TENS: Transcutaneous Electrical Nerve Stimulation, with electrodes

= are positioned on the surface of the skin
—
s e Sensorimotor improvement using FES for generating
© movement in paralyzed limbs (better than passive
i .
= action alone)
(4]
=
The Parastep |™ is a
microcomputer controlled
functional neuromuscular
stimulation (FNS) system that
enables independent, unbraced
ambulation (i.e., standing and
) . walking) by people with a spinal
' ® cord injun
) @ ® https://www.sigmedics.com/
@& :
M. van Bloemendaal et al., Trials 2016, 17, 477
) @ @

D. R. Gater et al., NeuroRehabilitation 2011, 28, 231-248
J. L. Collinger et al., J. Spinal Cord Med. 2013, 36, 258—-272
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* FES: Functional Electrical Stimulation. Electrical nerve stimulation Epimysial  sewases? @ -
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Neuroprostheses

Stimulation therapies

Nerve cuff sssesssmmmesd?®

Wrapped-around ssswswswssm——s————<

* TENS: Transcutaneous Electrical Nerve Stimulation, with electrodes b
are positioned on the surface of the skin ‘

Sensorimotor improvement using FES for generating
movement in paralyzed limbs (better than passive
action alone)

Bladder control (FES at the pudental nerve)

Cardiac and diaphragmatic pacing

Pain management

Truncal stability

Flat

Percutaneous
intramuscular

AR TSN AL ANNNAINIINDADS SN Ao

Sacrum

Pudendal
nenve

Labium mincen

Labiwum majoen

D. R. Gater et al., NeuroRehabilitation 2011, 28, 231-248
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Neuroprostheses

Stimulation therapies

* EES: epidural electrical stimulation. Electrodes placed on
the dura mater of the spinal cord

e ISMS: intra-spinal micro-stimulation.

Central pattern generators (CPGs) produce rhythmic activity
of the limbs without requiring any sensory feedback

* Chronic paralysis patients regain voluntary control of

paralysed muscles

* Use of spared circuit: connections silent due to damage of
myelin or ionic channels

C. A. Angeli et al., Brain 2014, 137, 1394-1409
University of Louisville / University of California

J. L. Collinger et al., J. Spinal Cord Med. 2013, 36, 258—-272



Close-loop Neuroprostheses

voltage measurement
——  electrodes
for bioimpedance

Using information of muscles motion or organ state as input for FES/EES

stimulation

’li‘ electrodes
EMG: Electromyography: electrical activity in muscles ;
§ current insertion
O —-—— elecztroder;
s ' H for bioimpedance
= VA
(eb)
o T. Schauer, Annual Reviews in Control 2017, 44, 355-374
w
= skin electrode epimysial (attached directly to the muscle)
- Finetech /VAedical
ENG: Electroneurography: electrical activity in nerves
¥ @
( N J
) & O '
@ flat interface nerve Utah Slanted Electrode Array
) @ ®  electrode (FINE) (USEA)

E. H. Rijnbeek et al., Neuroprosthetics. Front. Neurosci. 2018, 12, 350
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0 Motor intention
4 Swing  Propulsion ™

Multidirectional
gravity-assist

Decoding of
residual kinematics

A 3
) B
& & L™

3D kinematics
(14 cameras)

[ab} A |
(&) Implantable
Lesion pulse generator e
— j | core
© S g
S \ f
(&) {
w Wireless Lumbosacral | \
o EMG spinal cord i EES o
ool Spinal—y y—Electrode
s ) cord Overlay array
= Ground reaction 1
forces : ?--g 8-
N |
Al l.l
’ L
& M .
e
1
- —
e Targeted modulation  Right  Dorsal L
of motor neuron pools ankle view I
extensors sz
b EES Rehabilitation with EES Use of EES
' - Inclusion Surgery configuration (5 months) during study extension
e G ———ERe4 4 0
(X ) + f +
+ i Pre- Pre- Monthl Post-
' @ . by - i surgery rehabilitation evaluations rehabilitation
) @ @  Targets: posterior roots associated with muscles that

mobilize hip, knee and ankle joins

Close-loop Neuroprostheses

Restoration of walking with spatiotemporal selective EES

EES activates motor neurons by recruiting proprioceptive
circuits within the posterior roots of the spinal cord

EMG activity during two steps =————>

Extraction
of hotspots

Spatiotemporal map of
motor neuron activation

L1

i i

Stance  Swing Stance  Swing
fine-tuned the timing of each spatially selective
stimulation train using a closed-loop controller

that triggered EES on the basis of foot trajectory

F. Wagner et al., Nature 2018, 563, 65-71
E. Formento et al., Nature Neuroscience 2018, 21, 1728-1741
EPFL (Lausanne), Grégoire Courtine team
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Instructions

Targeted EES

Phases

EXCELENCIA
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‘relax’|

Close-loop Neuroprostheses

Restoration of walking with spatiotemporal selective EES

‘PUSH' |

F ON

‘relax’ 1

| I
| I
| |
|
| |
| |
| I
Torque (Nm) i E
I
I
|

OFF

1. Voluntary motion: Without any voluntary contribution, EES
induced minimal muscle contraction

2. Restoration of walking without stimulus after 5 months
(initial spare connections must exist)

Initial leg motor score, P3: 0/50

ﬁ\
X

Y )'% W i)

s ‘&Q

Foot vertical
posmon EES OFF

10 ¢ | R

Continuous walking Cannot walk Resumewalkmg’"

Left TA

Rght TA|
0.2 mV
Left
2Ll B B @ Cannotwalk |
—1s
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Brain-Computer Interfaces (BCl)

EEG Signal acquisition Signal processing (C%er:u;r?ds
_ECob YA F0010011100011101011101 1004 featine. . Transiation . . .
}°°°° Dt | ‘ 1. Acquire brain signals
o 2. analyze them and translate
S y I
: - 5 ;) & them into com.mands
: ﬁ Q , 3. output to devices or FES/EES
= k)
> <P oy
= Movement control Locomotion The act of thinking about performing
= a movement is transformed into a
st command and a real action
Artificial intelligence algorithms are
5 essential
) & o
® @
)& O
(&
) @ ®

Shih J.J. et al. Mayo Clin. Proc. 2012, 87, 268-279
C. Pizzolato et al., Exper. Neurology 2021, 339, 113612
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Signal acquisition

= — g * EEG: electroencephalography
_ Sngleunit * ECoG: electrocorticography BrainCompuler Intarface
Raw signal * Intracortical Microelectrode Sional Processing o
:E Bandpower Linear = Detection
=~ Extraction [| Classification Refractory Time)
@ : ]
< Applicati
2 o iy
(<b] quisition
o
& T l
o - —
= £ 3 FES Device
- ' Grasp-Pattern
==
- . 3 channel
= &l Stimulation
intendiX’
USER-READY BCl APPLICATIONS
) @ http://www.intelimed.es
(X
) ® 00
o0 ©
) @ @

G. Pfurtscheller et al., Neurosci Lett 2003, 351,33-36
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Signal acquisition
EEG

T \/\AVW =
Single unit 1
muwmur-  |Intracortical

Raw signal

Microelectrode

.- K
b taa E $

NeuroPort intracortical
microelectrode array
(Blackrock Microsystems)

approved by the FDA

96 microelectrodes in the motor
cortex of a human

control of the arm and hand over a
broad space without explicit training

Brain-Computer Interfaces (BCl)

. R. Hochberg et al., Nature 2006, 442, 164-171
. R. Hochberg et al., Nature 2012, 485, 372-375
Rhode Island

J. Collinger et al., Lancet. 2013, 381, 557-564
University of Pittsburgh
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Signal acquisition

EEG

ECoG

Single unit H
_I;Ill mu:l— Intracortical
aw signa -
Microelectrode

(o Arm movement
g .Ovcrlap
C.E. Bouton et al., Nature 2016, 533, 247-250
ps Ohio State University

NeuroPort intracortical
microelectrode array A
(Blackrock Microsystems)

(.i g d

P
=

Patient Cable

‘nanoscience.

Recording array

Percutaneous I

4 . __— Implanted lead
"Extermal B s

Stimulator

)0 00

Percutaneous

. . on Nociceptive = Biowave An::l‘\: lead connector
Pain Fibers Bigayrical
o Instrumented
' @ & Cross Section of Body ol

® . .
°e ® percutaneous muscle stimulating electrodes

$ ® (Synapse Biomedical, Oberlin, OH) S A. Ajiboye et al., Lancet. 2017, 389, 1821-1830

Cleveland / Rhode Island / Boston
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Bidirectional brain-computer interface with two
intracortical microelectrode arrays:

e Records neural activity from the motor cortex

* Generates tactile sensations by stimulation of the
somatosensory cortex

Stimulation driven in real time by sensors in a
robotic hand

e Patients improve performance on functional tasks

e Patients ‘felt’ a sensation as originating from their
own hand

Brain-Computer Interfaces (BCl)

Stimulation Amplitude (uA)
2888838338
g I8

01 02 03 04 05 06
Finger Joint Torque (Nm)

% Endpoint

v
i
-/
nel

S. N. Flesher et al., Science 2021, 372, 831-836
University of Pittsburgh
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Limitation:
BCl requires electrodes
permanently implanted

Application of intracortical
microelectrodes is currently limited
because they are not able to
reliably record neuronal signals
chronically

Brain-Computer Interfaces (BCl)

Ideal Electrode

Biological Failures

Material Failures

Mechanical Failures

Thin arachnoid

capsule Thifk arachnoid ca.psule Cerebrospinal |nsulation d::lri;ege \I / Tes::;:r::B
‘ . with dural adhesions fluid leakage 3. =
Au/Pd wire Silicone M/:/) \ >
Dura
Meningial
) : Mechanical
St;l:,::;al /\/& extrusion reecrnZL) ' - Q\‘D
Arachnoid Bleeding Meningitis
Subarachnoid / o a P:::::i:e
Space
Pia /
Hardware
Boron doped infection Parylene
Silicon Gliosis / delamination
ki
" Al e 43 N | g
A b - Y A
f A Neuronal *& \ A
A death A ' A A A AA
Platinum AA PN , & A
electrode tip A A A A A AA A
SANS  SeaAa el
@ AA 0 A © A=A TA
A Neurons -" Macrophages O Blood Vessels i\( Astrocytes @  Red Blood Cells

Microglia (green) form
a compact scar

J. Barrese et al., J. Neural Eng. 2013, 10, 066014




Glial response to implanted electrodes

l Traditional Devices 'Next-Generation Devices Seamless Integration
@ ~10? GPa
bt Softer material
<> )
—
b ~10* GPa ST ~10 GPY @ @
© — » —y
g Smaller features Immuno- 3
= engineering
(ge}
=
~10" GPa Polyurethane i \@/'
Surface modifications
La i i I tsin ti - Preserved architecture of native tissue
-Large, invasive - Improvements in tissue response - Understanding biology enables:
- Rigid, non-compliant - New challenges in: 0 desi f Soadl
- Poor surface chemistry and topography » Fabrication, insertion, coating stability sl i o
. ’ approaches to biointegration
) CN
[ X
)0 o0
@
) @ @

J. W. Salatino et al., Nat Biomed Eng. 2017, 1, 862-877
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A total of 3072 electrodes in 96 threads

Together with a neurosurgical robot for

- implantation
[ab)
= No long-term implantation
- performance provided
(&
=
=
) o0
[ X
) O 00
o0 © :
) @ ® E. Musk, Neuralink, ] Med Internet Res 2019, 21, e16194

https://neuralink.com/approach/
https://www.youtube.com/watch?v=DVvmgjBL74w
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Presentation Outline

 Spinal Cord Injury (SCIl) — some history

* How to cure Spinal Cord Injury?

* Neural regeneration
* Neuroprostheses

* Brain-computer interfaces

* Nanotechnology for Spinal Cord Injury repair

e Nanomaterials at IMDEA nanociencia



E!md?ﬁ | Nanotechnology for SCI repair

)T g

Nanometric motifs are of similar length scale to that of the biological entities

e Intimate interaction with the cellular features
Mimic more precisely the structure of human tissues (better mechanical matching)

m | ¢ —~
Mmaea

5 * Reduce inflammatory glial cells / foreign-body response
e * Improved charge transfer / reduced impedance - favor stimulation or sensing of cellular activities
o * Promote preferential stem cell differentiation into specific lineage
w
o
<  How big is nano?
5 1
c Tl e Relative to cellular scale
human ' WOR 5
8- mesenchymal : 5’*;:"“.-
£ stem cell DfD 5
E ’ A '-lkw,t‘lf
§’ 7 »‘b ‘.49‘.
% " Ry
) ( £
. . 2 I ~ = A Yol
)@ /\ ﬂ | : | |
@ . 0 ’I | icrogli ! 0} Activated microglia - Electrode
A B C D E F G H | J K L _ _ )
) @ @

S. G. Higgins et al., Adv. Mater. 2020, 32, 1903862 D. Scaini and L. Ballerini, Current Opinion in Neurobiology 2018, 50,50-55



E!ocggiaa | Nanotechnology for SCI repair

[ g

Nanometric motifs are of similar length scale to that of the biological entities

@
= 1. Neuroprostheses
D
- 2. Scaffolds
(eb)
o
w
o
<  How big is nano?
: 1
c il o Relative to cellular scale
2 human
- g mesenchymal
B stem cell
5 6+
g
2 2
) (<
. . 2 I o] Ay X3
) @ = :
w . 5 || | icrogli ! QI Activated microglia - Electrode
A B c D E F G H [ J K L ) : ,
) @ L

S. G. Higgins et al., Adv. Mater. 2020, 32, 1903862 D. Scaini and L. Ballerini, Current Opinion in Neurobiology 2018, 50,50-55
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hMSC after 7 days

V. Cirillo et al., J Mater Sci: Mater Med 2014, 25,
2323-2332

Cell settling depends on:
* dimensions of the individual nanowire
* density of the nanowire network

N. Buch-Manson et al., Adv. Funct. Mater. 2015, 25, 3246—-3255
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Carbon-based nanomaterials: Carbon Nanotubes and graphene

w2 INJURY + SCAFFOLD| |

Y|

@
3 B
o h ;-
z r % ":;L ,' g
= ( 5 «‘5“.' : ¥
INTERFACE LESION
A 3D carbon-nanotube mesh A reduced graphene oxide scaffold
. ' promotes the spontaneous regrowth promotes the growth of new blood vessels
: ® .. 5 of neurite bundles and neural axons
00  ® & Usmani, L. Ballerini et al. Sci. Adv. 2016, 2, e1600087 E. Lopez-Dolado, M. C. Serrano et al. Biomaterials 2016, 99, 72-81
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@l dea’™ " Nanostructured electrodes

H 0.2
o Carbon nanotube coated electrode
g ] Improved neural recordings from the monkey visual cortex
e larger amplitude responses
0.1 . .
lower 60-Hz line-noise peak
-5 —— Control
——CNT
w 5 = E. W. Keefer et al., Nature Nanotech. 2008, 3, 434-439
(Hz)
B micro-cracked 1B Platinum-silicone composite electrode
i [+
elastomeric f&,:.‘?&'é’"mu :
SUb;"ate drug delivery e PR drug delivery electrode
o\ interconnect =" G T : —

! [ o U == VA
' l/ == == —= platinum-silicone / 5 .

® - = composite interconnect

< ' \ //f‘T} ________________ g _ ___________________ . elastomeric substrate \
dura mater inal 6
3mm - spinal tissue
° electrode 1um

l. R. Minev et al., Science 2015, 347, 6218, 159-163
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] - Nanostructured electrodes
Metallic electrodes for sensing and stimulation at a single cell level
- A i i
: stimulus
@ _/Li‘ , J MA pipette
s é ,U/,\/, microelect.
- A. Hai et al., ] Neurophysiol. 2010, 104, 559-568
= M. E. Spira and A. Hai, Nature Nanotechnology 2013, 8, 119-124
% b Nanowire voltage measurement Nanowire current injection
Capacitive Faradaic
£ Z| |
' . .‘ . Viw . . Vaw B
) O 00 : 50ms
©® © Many steps - expensive
) @ @

J. T. Robinson, H. Park et al. Nature Nanotechnology, 7, 180-184
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Aim: use NANOTECHNOLOGY to improve NEURAL INTERFACES
* Minimize the risk of infections and foreign-body rejection

* Enhance efficiency and resolution
To be able to address directly the SPINAL CORD

We tackle both directions of interfacing
e Stimulating: flexible nanostructured ELECTRODES
* Sensing: room-temperature ultrasensitive MAGNETIC SENSORS

wards a pypass
T?or neuraPyp
econnections
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Neurestimulation TSensing




Stimulating electrodes

;7 We take inspiration from previous works:

b Nanowire voltage measurement Nanowire current injection

Capacitive Faradaic

0.2mV
2
10mV

;’ 1pm Vaw Vw
i M " o 50ms
o any Ssteps - expensive ,
e y P P J. T. Robinson, H. Park et al. Nature Nanotechnology, 7, 180-184
o
, « Low tissue disturbance: flexible electrodes
« Fast mass production
1. Polymeric 2. Metallic nanowires
nanopillars ‘ ; grown by template-
fabricated by assisted
= nanoimprinting electrochemical
) e deposition
o0
) ® 060
@
) @ @
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1. Polymeric (PS, PDMS) electrodes with nanopillars

Vil

L=2um, D=500nm, p=1pum

Nanoimprinting

Carbon Nanotubes

PS-SWCNT

(diameter 500 nm)

Isabel Rodriguez team

i3 Stimulating electrodes

2. Metallic (Au, Ni, Pt) electrodes nanostructured by nanowires

Template-assisted electrochemical deposition
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Polymeric nanostructured surfaces

Polymeric nanopillars fabricated by nanoimprinting
Biocompatibility study:
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Control

PS-NP

PS-CNT-NP

postnatal rat hippocampus neurons

D

Neuroglial nuclei/mm?

1500

1000 -

500 4

=

Control

PS-NP

PS-CNT-NP

with Laura Ballerini team

Two patents:
PCT/EP2020/078301
80. EP20382637.5

Spontaneous activity
100~

60
40 -

20 -

Correlated pairs (%)

Control PS-NP  PS-CNT-NP

l. Calaresu et al., Adv. Mater. Interfaces 2021, 8, 2002121



Metallic nanostructured electrodes

Metallic nanowires grown by template-assisted electrochemical deposition
Biocompatibility study:

e Cells properly adhered in all cases (Cell clumpling for Fe)

* Intimate contact of the cell somas and neurites with the NWs

with M. C. Serrano team

. » Satisfactory viability/proliferation results
e e ENPCs differentiation: neuron networks with negligible glial cells presence
= |
» Ni NWs Au NWs Fe NWs
o
< 2 f) 35
(ge} g M Live B Dead Fedek
— o 30 = I |
E S 25 : . 500 o
© —
% g 20 l E 4004
— S~
QZ’ 15 é 300 - e = —I—
: S i S 200
) [=] =
L & @ 100 - e
>
) .2 = ol (] e = 0 = ' '
,.»\‘ @ .—% 0  Glass AuFlat Au-NWs Ni-Flat Ni-NWs e Bl AuNS
) O @3
) @ @:ENPC: embryonic neural progenitor cells

A. Dominguez-Bajo et al. Adv. Biosys. 2020, 2000117
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Nanostructured electrodes (NWs) vs. Flat electrodes

Electrochemical effective area: Electrical Impedance Spectroscopy : Nanostructured (NWs)
@ . . . : ; : 10°
”a 10°
g
= i = 1
© 01 Au Flat i Nt
= uria : N 3
8 5B Au NWs e effec.tlve area 10
S [ —— Ni@Au NWs ~ 6 times larger
L 2
'03 . . A | A . 1 . 1 | A -| 10 |||||,|,|l ||||||||| ||:|m|I 111l
00 03 06 09 12 1.5 10" 10° 10" 10> 10° 10° 10°
: . Potential vs. Ag/AgClI (V) Frequency (Hz)
. . . .
) & O Nanostructure increases the Nanostructure reduces the impedance and
' ® ® ° effective area increases the electrode stability



2l 0ea™"  Neural stimulation demonstration

Stimulation tests on primary neural cultures
by graded waveforms of increasing duration

Mt s:;‘i::g‘;’l'“t'a; APV/BIC/CNQX Stimulation (0.1 Hz)
fab) electrode e
(&5 ]
= CaZ* live imaging
[ab) Neuronal
S h - S858.68.06 culture GJ
- L T
(7] < Working o
o Stimulator electrode - ’ ‘\J ’
— o \
(qe} 8 B e e e e, 'WMMJ“‘**«M»J\\‘“'J \’*J\"\
— Stimulation (0.1 Hz) T
o = Evidence of enhanced
l 1 Al (e efficient stimulation for
. / / / / nanostructured
yeo
h L L ‘ O electrodes
S
5 @
-500 mV 2 O
. S o |
50 100 200 500 1000 S 5 a J‘\ fw ..
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with Laura Ballerini team
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Aim: use NANOTECHNOLOGY to improve NEURAL INTERFACES
* Minimize the risk of infections and foreign-body rejection

* Enhance efficiency and resolution
To be able to address directly the SPINAL CORD

We tackle both directions of interfacing

e Stimulating: flexible nanostructured ELECTRODES

* Sensing: room-temperature ultrasensitive MAGNETIC SENSORS
neuronal activity (100 pT —1 nT)

wards a pypass
T?or neuraPyp
econnections
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- need for cryogenics

M agnetic Sensors Magnetoencephalography _ bulky devices

Commercial system - need for screening

SQUIDs
(fTesla resolution)
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Sensors based in Anisotropic MagnetoResistance (spintronic)
- Non-contact: sense the magnetic field produced by neuronal
activity (100 pT — 1 nT)

- Scalable: arrays of hundreds of detectors

@
= = Portable: work at room temperature / body temperature
(e b)
—  *Remove external contributions: Wheatstone on-b hch o with Laurence
2 config./differential meas. n-bench characterization Mechin team
= Easy axis LAl B LA
© mm——) i 1
K & 100 | _
ta-a A E S TR
=: e 10t s
» 2 FLSMO body Temp. :
> A
g 1 — Sub 1 nT resolution
) @ L20./5703Mn0O; (LSMO) thin films a achieved!
® @ - Pulsed Laser Deposition 0.1
) © @ - On substrates with nanometric '
. terraces 1 10 100 1k
) @ @ Detectivity: noise floor, Frequency (Hz)

error bar in the measured H
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In-vitro detection test with commercial sensors

Mouse-embryo spinal cord slice

reference
sensor 2

In-vitro detection demonstration

ON

Activity in axon
bundles
pharmacologically
induced

OFF

Activity
' pharmacologically
85 90 95 100 105 110 115 120 125 130 blocked

Neural activity detected

- In real-time measurements!
(No average performed)

- Without magnetic shields

with Laura Ballerini team
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* Grade A: The impairment is complete. There is no motor or sensory function left below the

level of injury.

Grade B: The impairment is incomplete. Sensory function, but not motor function, is
preserved below the neurologic level (the first normal level above the level of injury) and
some sensation is preserved in the sacral segments S4 and S5.

Grade C: The impairment is incomplete. Motor function is preserved below the neurologic
level, but more than half of the key muscles below the neurologic level have a muscle grade
less than 3 (i.e., they are not strong enough to move against gravity).

Grade D: The impairment is incomplete. Motor function is preserved below the neurologic
level, and at least half of the key muscles below the neurologic level have a muscle grade of 3
or more (i.e., the joints can be moved against gravity).

Grade E: The patient's functions are normal. All motor and sensory functions are unhindered.



