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cell body axon pre-synaptic
terminals

~10-30 um ~ 10um to 3m length
(un)myelinated
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£PFL  Light to interrogate and
modulate neural activity

[Neuronal activity is ]
“an enchanted loom where millions of flashing shuttles weave a dissolving pattern.”

Charles S. Sherrington, 1940
English neurophysiologist
Nobel Prize, 1932
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Optogenetics. Using
photons to modulate
neural activity

Viral pac‘kage
for opsins \ Uptake into
selected cells

Neuron %

Biological challenges \

Sci Transl Med 2013;5:177ps6

Justin C. Williams and Timothy Denison



=PFL  Photosensitive protein
green algae

3 Bluelight ChR2 Channelrhodopsine-2
ChR2 activation spectra

Yellow light

Activation

NpHR .
Halorhodopsine

NpHR
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=PFL  Photosensitive protein
green algae

3 Bluelight ChR2 Channelrhodopsine-2

57,'1 o  ChR2 Activation & inhibition

Yellow light

NpHR .
Halorhodopsine

NpHR
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=PFL  Selectivity
electrical vs optical
stimulation

¢ Electrical stimulation

Depth electrode
(127 mm diameter)

Targeted neuron type

Modulation ——

Adjacent non-targeted
neuron

Optical stimulation

Implanted optical fibre
(0.2 mm diameter)

Targeted neuron type
ChR2 or NpHR 8 Rl

expressing ChR2 or NpHR

P» Modulation =—— I!ntended effect ,

Adjacent non-targeted
neuron
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=PFL A unique technology

= Viral transfection = Transgenic mice

Sciatic nerve

Spinal Level L3 Dorsal root ganglion

@
a i i ChR2-tdTomato  NF200
® Adeno-Associated Virus AAV

N D
8

X

=z

[ |

@ Nature Biotechnology 2020

Nature Biotechnology 2021
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L Guiding light near the
neurons

= Optic fiber

-

1%
'1. =,
> . 3

- GO,

New York Times, May 16, 2011

silica fiber
250 — 1200 nm
(UV to visible)

ceramic ferrule

Ed Boyden, Feng Zhang .... Karl Deisseroth
Nature Neuroscience 2005 8(9) 1263-1268
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Light Emitting Diodes
LEDs

2014 Nobel Prize in Physics
I. Akasaki, I. Amano, S. Nakamura
“a new light source, power efficient and sustainable, the blue LED

Source of electrons
(Battery)

Source of holes
(p-type layer)

f out
= Combining of
holes & electrons
(Active/emitting
layer)

Foundation
(Substrate)

Source of high
energy electrons
(n-type layer)

LED - heterojunction

p-type GaN activated by

by Nakamura et al., 1992

by Nakamura & Mukai, 1992

Hydrogen passivation clarified
as origin of hole passivation
by Nakamura, 1992

p-type GaN activated by
electron beam irradiation
by Akasaki & Amano et al., 1989

n-type GaN

/’ AIN buffer
/by Akasaki & Amano et al., 1985

Sapphire substrate

Blue LED

Comptes Rendues Physique 2018 19(3) 113-133



=PFL - LED “die”

Anode (+), @ 80 um 270 x 220 pum ——
(Bonding Area, @ 70 um)

Bottom Area

L Junction, 230 x 190 pum 240 x 190 um N

N

L—— Cathode (-), 80 x 80 um
(Bonding Area, 70 x 70 um)

'/
A

\ Thickness - 50 um /

Side View Bottom View

CREE InGaN LED TR2227
470nm 21mW
220x270x50 pm3

Top View
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L

Tailoring the
wavelength

Step 1: Light emisson through phosphor-silicone matrix

M O D) dle
2
&

® @
1 3
-] ®
Downconversion of Leak of Downconversion
light to desired blue light and reflection
wavelength

Nature Biotechnology 2020
Nature Biotechnology 2021
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Microfabrication of an
optoelectronic implant

a Step 1: Microfabrication Process

micro-LED integration

Thin film stack Ti/Au/Ti etching Pi etching PDMS etching Release
- - - @* e
Ti/Au/Ti PDMS @ micro-LED
Step 2: Batch microfabrication Step 3: Bare die integration Step 4: Optoelectronic device release

sio, Ti/Au/Ti PDMS

N

i
T —
stretchable
interconnects =

p-LED

channels

connector

N\

Nature Biotechnology 2020
Nature Biotechnology 2021
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LED implants
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=P7L  Local heating!

Duty cycle 25%
Continuous temperature 8— (required for neurinal activation)
measurement 5
35 Light ON <
%) &
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=PFL  Sensing temperature

= Thin-film metallic thermistor | R = p— [Q]

Relative Resistance Vs Temperature
of Typical RTDs and Thermistors

RT)= Ry L+ & (T=T)+BT-T,) +.) & | [emsor NS A
R _R § sb—— ////m;/
Linear approximation: o = 1 0 e 5 // Platinum
AT XR, g 1 ZZaa
0 |

- 100 200 300 400 500 600 700
-148 32 212 392 572 782 932 1112 1292
Temperature
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SENsSors

200um

Pt resistor

1800

In situ temperature

-
o N
o O
o o

Resistance (Q)
a -
o
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o
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folding
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-]

Small 2012 8(21) 3263-3268
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L Surface temperature of micro-LEDs
during operationinair

m 5mw
1004 | ® 10mw .
o A 15mw
£ 904 v 20mw -
(-]
§_ 80 i
©
s 704
s .
§ 60 1 / ]
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Science 2013 340, 211-216
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Thermal
imaging

IR camera

tissue thick
Brain tissue

Penetrated needle LEDs

10 mW DC input power

Measured

Calculated

N
o

Science 2013 340, 211-216
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Miniaturised electronics
to drive the LED implant

9 électrodes EMG

of EMG activity
(4 muscles recorded)

Plateforme sans fil

Tablette pour
contréle et affichage
des données

Configurations & Ranges:
Parameter
# pulses
frequency

électrodes de
stimulation

1 10 k

minimum maximum step

0.1Hz 30Hz 0.1Hz

pulse width 1ms 50ms 1ms
LED current 1mA 60mA 1mA
LED selection LED 1/LED 2

Q. Huang, ETHZ

Current (mA)

Cycles (#) Time (days)

Flash
memory

DC/DC

Bluetooth Low y
Energy SoC &
nRF52832

i «—— 16-pin
5 % connector

32.768kHz . .
crystal linear \A T /YlvoSoC.
voltage - signal acq
- LED dri
Microstrip regulator . Dt n:(\;ed
antenna Battery 12-35mAh
1cm

1 Current reached: yes « |
| #Pulses issued: 192

Nature Biotech 2022
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Manipulating locomotor circuits

C. Kathe G. Courtine

reticulospinal fibers
—hinglimb movement

Corticospinal tract
—|eg dragging and
instability

V2a interneurons
— |eft-right coordination

PVON proprioceptive neurons
—perturbation of
proprioception during
walking

Nature Biotechnology 2021



=PFL  Optical stimulation and

recording

Fully Bioresorbable Mo/Si electrode array
Integrated with PLGA waveguide

External
conductive cable
interconnect i -

e

External o
o " Direct& selective .

23

(z1ZHAM) Ayisuep [esjoads Jemod

Time (s)

Nature Communications | (2024) 15:2000



=PFL Using light to see
neural activity

A MLED + pECoG MLED side C _
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Science Trans. Med. 2024



=PFL Using light to see
neural activity

Left forelimb Left cheek Tongue (electrical)

"F‘\m-

.
-

Air-puff p1

—Snm'" —-0‘ _'..n —
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Pénétration des ondes
dans les tissus

Skull Brain

Light

Light
(cranial window)

Ultrasound

) ))))>>>
)

Ultrasound
(cranial window)

Magpnetic fields

Penetration depth (m)
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=PFL  Ultrasound imaging

* First medical ultrasound scanner- 1952
* Imaging organs in depth
* Piezoelectric transducers
* Anatomy: desnity, modulus of compressibility, tissue structures
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=PFL  Ultrasound imaging

* First medical ultrasound scanner- 1952
* Imaging organs in depth
* Piezoelectric transducers
* Anatomy: desnity, modulus of compressibility, tissue structures

* Doppler effect

B NX-422 ©LSBI



=L Ultrasound imaging

= Premier échographe médical — 1952
* Imagerie en profondeur
» Transducteurs piézoélectriques
* Anatomie: Masse volumique, module de compressibilité, structures des tissus

= Effet Doppler
» Ultrasound; travel speed in blood vessels
* Mapping according to direction and speed of blood flow

= Ultrafast Doppler

* in vivo exploration of the dynamics of the vascular network, from large to small
vessels, right through to neurovascular coupling

B NX-422 ©LSBI



=PFL  Functional imaging

n
using ultrasounds
a b Image-8 Image-7 Image -6 Image 7 Image 8
L. Ultrasonic
Track neuronal activity o iii iii
Cranial
via blood flow, thanks to il / >
/Lh Echoes C d
H ey ~<—— Skull
neurovascular coupling L. e
wave

X

= f; proportional to the axial
blood velocity with respect to
the z axis (mm/sec)

= Signal intensity depends on
blood volume

( Physics
@ for o
Cﬂfﬁ.‘i‘“”e M. Tanter Nature Methods | 2011 8 662-664



=PFL  Imaging newborn
cortex

€6 I]mw
s Heaegf il "W

areses PO "g‘\"‘lm A N',‘.n\..! M',ll’ M{’ | '.I'L\JJ‘\F M\ W

A imaging plane
Ultrasonec " M M
probe o 20 40 100 Teme (41
EEG electrode
2
g
o Ol \ A
A
(&)
. 5 ~30F - Right ROI
g 30 Rl(]ht _]00 LLe“ RQI A A A A A A -
N 0 S5 10 15 20 25 0 20 40 60 80 100 120 140 160 180
- r (mm) Time (s)

Science Trans. Med. | 2017 9 411



nl

ay)
"N

B NX-422 ©LSBI

Using micro-bulles to
enhance imaging
resolution

= Micrometer-resolution ultrasonic localization microscopy

Whiskers stimulation

—_ T - - '
el MBs within
blood vessels

Whisker stimulations

®

Localization of intravenously injected microbubbles
spatial resolution: 6.5 um
temporal resolution: 1 sec

—: (MB per pix)
-5 0 5

Nature Methods | 2022 19 1004-1012
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Transcranial ultrasound
imaging of the human cortex

= Understanding cerebral hemodynamics

= Correlating vascular anomalies and
neurological pathologies

N

a aneurism

f

Sl

» large vessels
fv~0cm/s

A A A A A

77

microbulles 2-Oum Nature Biomed. En

g.| 20215

34

(3) 219-228
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=P7L Allow passage through the
blood-brain barrier (BBB)

a b c
Systemic injection of UC-carrier aggregation Drug uncaging by FUS Drugs crossing intact BBB
UC-carriers by FUS
k= =24
T ;
) -—
L g /_ " .ot 2 > ’ ".\.i.
/ : ) 7 “( /s

Nature Comm. | 2020 11 4929



=PrL  Experimental platform )

non invasive US

Recording electrodes stimulation

| Pre-amplifier

/

RF-amplifier | a

T

Function generator |

Liposomes tethered to microbubbles

Small-molecule loaded liposome

SH-MAL bond

Small molecules

Picoscope

Whisker/LED
stimulator

Infusion
pump

DSPE-PEG PBS

Decorated bubbles with suspended molecules in saline
decorated bubbles

solution

Nature Comm. | 2020 11 4929
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=PFL  Specific modulation of
neuronal circuit receptors

vS1 - vSM1 circuits: focal inhibition of vibrissae sensory cortex (vS1), via release of the
GABA receptor agonist muscimol

150 =
g 100 +
o
©
[}
Q.
i
L 50
[}
AU-FUS
O L . L | L] L] L} L L] L}
0 10 20 30 40 50 60 70 80 90
Test: whiskers movement Time (min)

— 3ms delay between vS1 and vM1 (normal)
= inhibition of vS1 via fUS, reduced activity in vM1
3 Nature Comm. | 2020 11 4929



=PFL  Ultrasound modulation

A Fower ampiifier &
function generalor

Gat

3-1. Activation of
1. Ultrasound mechanosensitive channels

\% T-type Ca’

TRPM4 channel

Voltage-gated
Ca’and Na“ channels

AOVCAIIn-Msol -G225-EYFP-OFLAL
| pAOVICaMKNG-EYFP-IFLAG

Membrane W .= %&%Eggg

. ISSS— ¥ B Representative EMG traces
J ¥ US, 0.05 MPa ‘
* R SRS AR TR TR GrRI Careh LB R TR R
> *x e c 4. Signal
2. Mechanical | / - .. amplification
deformation of Ny _/ s T
actins W/ _ : . o
\/,-—@ = %\ 5. Bursting action potentials 3 l_
/\ ~ " 3-2. Endoplasmic reticulum v

Muscle activity (EMG) depends on:
- US stimulation intensity
- stimulation cycle

- stimulation burst duration

Qiu et al., 2020, CellReports
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=PFL Sonogenetics

N

Without TUS

Genetic engineering:
UltraSound-sensitive proteins;
Modulation of Na+, Ca2+
channels via ultrasound

Depolarization induced by
mechanical deformation of
the cell membrane?

39



=PFL  FUS image-guided high-intensity ’
focused ultrasound treatment

= Non-invasive technique creating small therapeutic lesions in a specific MRI-
guided area of the brain

= Sound waves 0.2 - 4MHz & high intensity Iocal V|brat|on

* local heating | Modu|e'

 targeted necrosis d'interface |4

= Zone 2-6mm diameter
 spatial resolution 1Tmm

= Interruption of abnormal neuronal circu

Casque

= Main conditions: S gl uvesonique
* Essential tremor
 Parkinson

HUG
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£PFL  Remote stimulation
induced by magnetic field

a d
Magnetic field
% Vim = OH o H agH? ME laminate
=

Wi e A
N / ?VL-VEMG/\/ /\[ !.

é
|

v ogt *
MNM di . T |
< | VME = aHd |
| A /Y g O v cifful:iv;fgttals
A_NVUN " et P ME magnetoelectric material

3 L | A £ MNM magnetoelectric non
o E;‘ ot é linear metamaterial
S — e s R RET rectifying electron transport
é ]<> Field (mT)

Nature Materials 2024 23 139-146
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Restoring communication
after nerve damage

Pulse generator

stimulus

Nerve gap
Pulse generator =
s;}}:ilﬂznerator LT Pulse generator
| : stimulus v
2V o Tms
|
1s .
| |
|
Nerve I
. | _|60mvV
o | : AaﬂH\MLT—S/H
! —
|
01V E
1s ! o
e £
|
MNM ' .
voltage | : 50 mv
K 1ms
01V i :
1
's r Latency
Veme - _|oamv
: I Tms
|
|
M |
|
e

o b

T

T T T 1

4.2

3.8

36

Latency

Nature Materials 2024 23 139-146



=PrL  Take-home messages

= Implementation of different transduction modes

* Optogenetics: selective and rapid, but still difficult to apply in humans

« Ultrasound: versatile, indirect measurement and modulation of brain activity;
micro-lesions

* Magnetic field: in-depth interaction; pre-clinical stage only
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