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=PFL " Topics

= Foreign body reaction (FBR)
= Performance of current implantable neural interfaces
= |nvestigation methods of FBR in vivo

= Strategies to modulate FBR and implant failure
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=P*L " Foreign Body Reaction
(FBR)

= An inevitable response to any implant in a biological tissue

* hemostasis — inflammation — repair — remodelling

* Nature of the encapsulation tissue and cellular participants in the
immune reaction depend on the site of implantation, the type of tissue and
the implantation procedure.
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Timeline of major events following
chronic implantation /7 vivo

Acute Recovery Chronic Failure
8urger¥ and Inﬂgmmation Chronic impact between electrode and tissue Aggregation of
I|_1sert|on impact interface metrics for failure
impact

mechanisms
Simultaneous electrophysiology, histopathology, and injury

biomarker analysis
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Abiotic Abiotic Abiotic Biotic

* Geometry * Impedance * Impedance » Histology

* Impedance » Electrophysiology » Electrophysiology » Biomarkers of injury
* Electrophysiology Biotic * Insulation damage » Neuronal integrity
Biotic » Histology » Corrosion

* Histology * Injury biomarkers

* Injury biomarkers » Synaptic changes
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. Up to 14 days Months I Time

Hours
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2018 J. Neural Eng. 15 041004



=PFL  Timeline
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Acute (inflammation)
Then

Chronic (fibrosis)

Monocyte

Protein Neutrophil recruitment
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Insertion of an
implant

= Acute phase

Blood Cell

+ Plasma Molecules

»<~ Activated Astrocyte]
) BBB
Astrocyte & Neuron (perfused)
% Microglia ¢ Pericyte BBB

(loss of perfusion)

¢ Macrophage

Native Tissue

Acute Injury

Loss of Perfusion
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ACS Chem. Neurosci. 2015, 6, 1, 48-67
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Perfusion and blood flow

= |[nsertion of an implant — diminution of local blood flow and loss of
perfusion: local ischemia

= Lower oxygen and nutrient delivery
= Impaired removal of neurotoxic waste — promote inflammation

= Implant volume and stiffness
* Interspacing in the vasculature: 50-60 pm (rat cortex)

» Device volume also leads to differential tissue strains at time of implantation
(compression) and chronically (shear)

» The stiffer the implant relative to the brain the higher the strains



=PL  BBB rupture 9

1. Deposition of plasma proteins foreign to Pericyte death nrigor
the CNS and red blood cells andd}acimem ——
Basement membrane ). ERERCOE
.......................... /.

2. Increase of hemoglobin leads to breakdown |
increases in reactive oxygen species and R
reactive nitrogen species (oxidative
stresses) — inflammation

3. Activation of macrophages — cleaning of
debris but also production of pro-
inflammatory cytokines for the duration of
the implantation — progression of a glial e

astrocyte

sheath (reduce signal quality) ———

] . . AQP4 Leukocﬁe transmigraéion Neuronal injury
4. Reactive astrocytes (within hours)
 Mediate inflammation
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Chronic Foreign

= Body Response
Repalr Chronic BBB Re-ln'u.
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= Starts after a week
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= Increased cell proliferation, capillary
budding and synthesis of extracellular
matrix (ECM)
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=PrL  Imaging

= Explanted tissue

* Under deep anaesthesia,
transcardial perfusion with heparin
infused phosphate-buffered saline
(PBS) pH 7.4 followed by 4%
paraformaldehyde (PFA) in PBS

« Explantation

o
v
 Post-fixation in PFA/PBS at 4°C for
12-24h and cryoprotection in sucrose 5 > >

« Embedding in resin, freezing
« Slicing in ~10 pym thick slices Step 1 Step2 Step3

4% PFA (w/v)  30% sucrose (w/v) 30% sucrose (w/v)
12 hours 72 hours 72 hours

freezing /
cryosectioning
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Cell staining

= Visualisation technique to enhance
contrast of particular features

= Nissl staining: method to study
morphology and pathology of neural
tissue

* aniline basic dye e.g. toluidine
blue or methylene blue, that
stains the nucleic acid content of
cells esp. in the rough
endoplasmic reticulum and
ribosomes in the cytoplasm,
which is abundant in neurons

=
N

J. Neural Eng. 14 (2017) 036010
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Histochemistry

= selectively stain particular cell
types, axonal fascicles, glial
processes or blood vessels

= Expression of fluorescent
proteins to visualise different
neurons

= from ultraviolet to near-infrared
(350—-800 nm)

confocal microscopy (3D)

Fluorescence microscopy (2D),

Spectrally Excitation | Dichroic | Emission
Compatible Dye | Filter (nm) | Mirror (nm) | Filter (nm)

DAPI 340/26 |458-Di02| 482/25

DyLight 405 400/12 |414-Di01| 440/40

/Alexa Fluor 430| 427/10 |458-Di02 | 550/32

Alexa Fluor 488| 494/20 |506-Di03 | 527/20

/Alexa Fluor 546| 535/22 |560-Di01| 580/23

Alexa Fluor 594 | 586/20 |605-Di02 | 628/32

Alexa Fluor 647 | 632/22 |655-Di01| 676/29

PerCP 494/20 |648-Di01| 673/11

IRDye 680LT 680/22 |705-Di01| 720/13

IRDye 800CW | 747/33 |776-Di01| 776/LP

AF546 AF594 10-color

GFAP  CNPase
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volume 12, Article number: 1550 (2021)


https://www.nature.com/ncomms
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Light sheet microscopy

1. Tissue clearing

 Lipid bilayers are replaced with
a more rigid and porous
hydrogel-based infrastructure

2. Enabling 3D molecular and

optical interrogation of large
assembled biological systems

Step 1: hydrogel monomer infusion (days 1-3)
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Nature volume 497, pages 332-337 (2013)


https://www.nature.com/

B NAME EVENT / NAME PRESENTATION

1. Tissue clearing

2. Enabling 3D molecular and

Before b After CLARITY @ After CLARITY o] 1p 1p

) d Objective Working
ofanu distance
unexplored 14
continents a % n\ I
great stretches ~6 mm

Light sheet microscopy

of unknown |

territory. /4
O ———

Coverglass

3D rendering

 Lipid bilayers are replaced with
a more rigid and porous
hydrogel-based infrastructure

-h

[11] Thy1-ChR2-eYFP

Cerebral
neocortex

optical interrogation of large
assembled biological systems
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volume 497, pages 332-337 (2013)


https://www.nature.com/
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Microscope

Photos par Q. Barraud, G. Courtine, EPFL
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EPFL

Cerebrospinal tract
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Vsx2-expressing neurons

KATHE*, SKINIDER*, HUTDSON* ET AL. ; NATURE | 2022

Faisceau corticospinal

Faisceau reticulospinal
Videos par Q. Barraud, G. Courtine, EPFL




=PFL  Gliosis

aMichigan probe @ weks p Utah array @ 17 weeks Human DBS lead @ 38 months

&

d rat

= —microglia IBAT
- _Cellnyeléi
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Nature Biomedical Engineering volume 1, pages 862—-877 (2017)



https://www.nature.com/natbiomedeng
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Electrode impedance .«
and glial consolidation |
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DBS electrode impedance after
implantation

Under constant-voltage stimulation,
alteration of the current effectively
reaching neural tissue
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J. Neural Eng. 6 (2009) 046001
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ND neuronal density

Negative impact on recording quality oo neuronal densiy

28 day post implantation

C

NeuN/Hoechst

R

NND = 966 NND =1,053 NND = 1,305 NND = 1,332

SNR =158 SNR =114 ] SNR =1.03 SNR =0.93
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volume 1, pages 862-877 (2017)


https://www.nature.com/natbiomedeng
https://www.nature.com/natbiomedeng
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FBR and stab injury

4x4 Si shanks,
1mm long,

400um apart
1.2x1.2 mm?

Stab wound:
2min in then out

Histology at week 4

Blood vessels

coronal section

3D View

activated
macrophages

CcD68

astrocytes

GFAP

Lesioned
cavity under
the implant

Reduced
cavity

Limited

inflammation
compared to
implant case

N
N

Biomateruals 53 (2015) 753-762
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4x4 Si shanks,
1mm long,
400um apart
1.2x1.2 mm?

Timepoint: 4w
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-1000 pm -500 pm

-1500 uym

3D View

FBR and shank density

cell nuclei/axons
DAPI/NF200

activated
macrophages
CD68/IBA-1

Normalized Intensity

(100 pm radius)

= Center

p=.01 11

1 p=.004

GFAP

cDs8
Biomarker

lg

G

BBB leakage
lgG

FBR markers within
100um of the 12 edge
electrodes (blue) vs the
central 4 electrodes (red)

astrocytes
GFAP

N
w

Lesioned
cavity filled
with reactive
cells

Biomateruals 53 (2015) 753-762

Reduced
cavity

Limited
inflation below
the electrode
tips

. 500um



EPFL

B NX-422 ©LSBI

Effect of implant size
on FBR

P1XI (Polylmide-based fleXible Intracortical)
devices
30 or 100 pm in width

12 um thick
Device Extraction of  Craniotomy
Insertion” | PIXI Insertion the Shuttle Seal
Shuttle Device
If ; -
Insertion
g T Mark Surgical
; Suture
| / Iy )
sskm P ¥ N ) [ ,
Cortex l r

PIXI-30

PIXI-100

Sections in layer IV of the cortex

100 um

100 um

GFAP Fluorescence Intensity

w8

1500004

1000004

50000+

W12

N
IS

Biomaterials Volume 281, February 2022, 121372

GFAP
NeuN

Footprint of scar
depends on size of
the implant
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w8 w12 w8 W12

PIXI-30 PIXI-100



https://www.sciencedirect.com/journal/biomaterials
https://www.sciencedirect.com/journal/biomaterials/vol/281/suppl/C
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Implant damage

Ideal Electrode Biological Failures Material Failures Mechanical Failures
Thin arachnoid
Wire Tethering
capsule Thick arachnoid capsule Cerebrospinal |nsulation l
with dural adhesions fluid leakage o $\ / g
Au/Pd wire | silicone
- #
Meningial \ 9
Subdural D . extrusion { | P M:,::::?'
Space | Pog \
Arachnoid 4 Bleeding Meningitiso
Parylene
Subarachnoid / cracks
Space
Pia
Hardware
Boron doped infection Parylene
Silicon Gliosis delamination

/ NN |

tip

A AA
AA Neuronal

death

elepcl:::l:due":ip AA 2 AA \A
A A
@l AAS g o aBA 4 (@) A

IA Neurons " Macrophages O Blood Vessels 7,"( Astrocytes @  Red Blood Cells & Bacteria I

N
(3]

doi: 10.1088/1741-2560/10/6/066014



=PFL Materials failure
Study case.

= Two participants were implanted with 6 Utah arrays in the brain
* P1: 2 platinum electrode recording in motor cortex; 980 days

« P2: 2 platinum electrode recording in somatosensory cortex, 2 IrOx electrode
stimulating in parietal cortex; 180 days

A Anterior

" eIpaN
Lateral
|elpalN

L ﬂ e v e’ ;
Posterior Posterior
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https://doi.org/10.3389/fbioe.2021.759711


https://doi.org/10.3389/fbioe.2021.759711
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Degree of Damage or Encapsulation
Low High

Shank Tip

Encapsulation

Pre-Implant

WHigh Degradation/Encapsulated

[7] Low Degradation/Unencapsulated

Excluded from analysis
P2 Medial IrOx

P2 Medial Pt P2 Lateral Pt P2 Lateral IrOx

]w:u:%
I%

P1 Medial P1 Lateral

Encapsulation

Tip Damage
i |
1

3 |
g
€
&
3 B
§ Ji]
an |
B P1 Medial Recording c P1 Lateral Recording D P2 Medial Stimulating

]

{2 =

A,’!’/’jlmm

P2 |ateral Recording

G

P2 lateral Stimulating

27


https://doi.org/10.3389/fbioe.2021.759711

EPFL

tip
damage
Parylene
degradation

residual tissue
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Parylene damage in vivo

Silicon pitting

Explanted after 3.25 years in cat sciatic nerve

N
-]

Biomaterials Volume 232, February 2020, 119731



https://www.sciencedirect.com/journal/biomaterials
https://www.sciencedirect.com/journal/biomaterials/vol/232/suppl/C

EPFL
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Accelerated agingin
reactive environment

devices aged in PBS at 37°C
., .

N
©

Biomaterials Volume 232, February 2020, 119731



https://www.sciencedirect.com/journal/biomaterials
https://www.sciencedirect.com/journal/biomaterials/vol/232/suppl/C

=PFL  Chronic stability with multiple
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adjacent Utah arrays

(a ) electrode array ( b)

pedestal

w
(=]

Journal of Neural Eng.2023 20 036039
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Representative
recordings

Early: 91 days
Late: 279 days

MUA: multiunit activity

Early
0
-1ooot
= Ot——_m"
3 -1000
- R L
§ -1000
0 P
-1000
O [t P
1000 50 0 200 400 600
Time (ms)
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100
S
s
[0}
2
g 50
7]
o
<
=)
=
0 " . L N
200 0 200 400 600
Time (ms)
. 400
spike
_ 0
>
=
()
o
S -400
(=]
>
-800

07 10
Time (ms)

100

50

400

-400

-800

Late

|

|

|

L

L

-200 0 200 400 600
Time (ms)

NN -

-200 0 200 400 600
Time (ms)

0 0.3 0.7 1.0 1.3 1.6

Time (ms)

w
=

Journal of Neural Eng.2023 20 036039



=L Representative ., , -
recordings across
all arrays

Early Late

ﬁﬁlllnli ‘,‘.llllll
il MesEnas o A

Monkey L
Peak-to-peak voltage (uV)
o
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0 200 800 1200
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i . 80
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> 8200 ‘ /
T o
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5% .
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2 g ! % | [ [ [ ] ]
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a o

0 400 800 1200
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(e) 4500 * . * (f) Early Late

‘,‘.llllll
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>600  kQ
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&
o
o
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Impedance (kQ)
w
3

1500, -

1000

Monkey A
Impedance (kQ)
8

0o 400 800 7200 electrodes

detached
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Tissue response and
histology

Day 638

N

- o

B -
_— T

Lovaateianr 10 mm

(f) (g ) (h ) #(638) = -9.330

p<.001

X
Electrode exposure

w
w

Journal of Neural Eng.2023 20 036039
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Explanted arrays

w
B

damaged IrOx

Journal of Neural Eng.2023 20 036039

J broken Si tip

pitting Si surface
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Intracortical probes

(7))
Ll
<
L
'E 1991’ intracortical ‘2000’ intrafascicular

Si microneedle implant  polyimide implant

L 100GPa 1GPa

PEDOT/PSS

a)

stiff interfaces

static interfaces

5 microns

-~ Large Pinholes
after strong Electrical
Stimulation Pulses

-€ PEDOT
Growth through
Insulation Failure

Insulation Cracking

Delamination

100 micron

w
(3]

SM Wellman et al, Adv. Funct. Mat. | 2017
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Probe mechanics

Respiration

20pm
‘ Heart

1sec rate

A

Stiff
(165 GPa)

Soft
(200 kPa)

Fringe Levels
1.000e-03
9.000e-04
8.000e-04 _
7.000e-04 _
6.000e-04
5.000e-04
4.000e-04
3.000e-04
2.000e-04
1.000e-04

0.000e+00

B

500 um spacing

300 pum spacing

150 um spacing

Modelled strain distribution at
the probe/tissue interface
using a micromotion
displacement of 4 ym

J. Neural Eng. 15 (2018)
031001

Closely
packed stiff
shanks lead
to high
strain zone
in the
surrounding
tissue

36



=P*L  Probe tethering

e >
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Thetered i | Flexible tether Untethered (wireless)
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z | s
. (!
ﬁ shear/torque : shear/torque N
- i
& il :
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i compression - compression compression

w
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Neural Interface Engineering pp 123-172



https://link.springer.com/book/10.1007/978-3-030-41854-0

=PrL  Effect of tethering on FBR

C
a b 150000 - -
Tethered Untethered >
—_ *
-
. €
v > 100000
& ’ - § _-_I___ — * |
| 7z : i
Skin e 07 i T o P
. Skin a 2 500004 [ n
Skull . ‘ Skull g ''''''''''' -1
Dura Mater &, | Dura Mater Bl = m; o
Cortex | i Cortex | | = e m
12w post- ' G Fasnans Freeee
. . - . ;
implantation PIXI-30 PIXI-100 PIXI-30 PIXI-100
Tethered Untethered

PIXI-30
PIX1-30

100 um 200 pm

(BFAP 100 um 200 um

NeuN “smaller and untethered devices are

the least harmful for the brain”

PIXI-100
PIXI-100

100 um 200 um

100 um 200 um
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https://www.sciencedirect.com/journal/biomaterials
https://www.sciencedirect.com/journal/biomaterials/vol/281/suppl/C
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Matching mechanics

drug delivery
elastic

! /’ \ \ interconnect
.

3 mm - electrode

w
©

I. Minev*, P. Musienko* et al.| Science [2015



=PFL  Does softness matter?

Bending stiffness = macroscopic distortion

CT scans

soft implant  stiff implant

Elastic stiffness = motion restriction

10} —=— stiff implant
§ —a— hydrogel
‘E soft implant -
'é T T //4‘/
£ 5 A 1]
% gzl
E R T/ 1 L
© T V/‘/T
E E— / L -
%) ] L
2 E SEQUET
N \I *
N
QI' - L L
é 0 5 10
- Applied strain (%)

™
)

Minev*, Musienko » et al, Science 2015



=PFL  Electronic dura mater

connector

p orthotic screw N
elastic
- substrate

elastic interconnect

/ v \

1cm
elastic substrate
biointegration
dura mater : i . i
spinal cord | in the spinal subdural space
e . .
TSsael lumbosacral St iy @ 2 month post |mplantat|on

“T-~.__segments __---
oo o-- r°

elastic substrate ﬂ

B NX-422 ©LSBI
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Minev*, Musienko » et al, Science 2015
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Nanomesh design

a [
C Clanke — & E A
| N\ | o 2x10°] s
oo - =1 E 7 .
N o | g 8
| . : l 2
I ' > | 2 6 .
c
| S | £ 54
[ Dop e e e D o e e e J ® 4
\ - %%Oo 2 37 .
A b \/\\\A Opn?of@ ] 24
\ /70@/ CIC) 1
X\)\f \ - b Od t T T >
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G ! e 2O o)
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v @ é\Q
&
a
= =
i\‘:\\\\\\\\\\\\\\\\\\\\\\\\—\\.‘
\’\: - hT”\ A \\\\\\\\\\\\\\\\\\\\'\\\\\\\\\\\\\\\\\\\a\)
b i Top SU-8

c

{ Pt electrode
| \ I} /
. Bottom SU-8

N / Nature Materials 18, 510-517 (2019)


https://www.nature.com/nmat

Suspension dans une solution saline et injection dans
le cortex (95um dia.)
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Nature Nanotech 10, 629-636 (2015)
Nature Materials 18, 510-517 (2019)



https://www.nature.com/nmat
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-~

L Glial cells and electrodes
over time

Q

Normalized
microglia intensity

day 2
2
I
1.5
1 i':“,,;_":f,_,/ Vo
oSN

0
-100 0 100 200 300 400
Distance from NeuE surface (um)

2 semaines 6 semaines

week 2 week 6

e T e

<100 0 100 200 300 400 -100 0 100 200 300 400

Distance from NeuE surface (um) Distance from NeuE surface (um)

(orange),
(magenta)
DG (blue)

-100 0 100 200 300 400

Distance from NeuE surface (um)

Nature Nanotech 10, 629-636 (2015)
Nature Materials 18, 510-517 (2019)
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NET: ultraflexible
NanoElectronic Thread

electrodes
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Summary

= Foreign Body Reaction is inevitable with current neural interface designs

= An acute phase and a chronic phase
« Activation of glial cells

= FBR has biological consequences on the host tissue

= FBR challenges the integrity and stability of neural interfaces
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