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Today's agenda

@ What are the basic physics of (passive) bioelectricity?

@ How to measure and model bio-impedance?
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Today's agenda

What are the basic physics of (passive) bioelectricity?

@ How to measure and model bio-impedance?

Electrodes and tissue impedance measurement,

Bioelectrical measurement and modeling,

Bioelectronics and potatoes!
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Bioelectric interfaces

I BIOELECTROMAGNETISM

Magnetic field from

Electric
with magnetic field

measurement
of eledric
impedance

MAXWELL'S EQUATIONS

Malmivuo, J., Plonsey, R. (1995). Bioelectromagnetism: principles and applications of bioelectric and biomagnetic
fields. Oxford University Press, USA.
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Bioelectric interfaces

/\ I BIOELECTROMAGNETISM

Magnetic field from

active properties {

Electric sti
with magnetic field

Magnetic
measurement

passive properties { ofdec ofelectic ot megnetio
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cope of my researches
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The cell

cell membrane
mitochondrion

cytoplasm

nucleus

endoplasmatic
reticulum

lysosome

micrometric machine block of a living organism, with:

@ chemical, molecular and protidic capabilities,

@ procedure storage capabilities,

@ potential electrical activity, at least electrical properties.
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Variety of cells

muscle cells: neurons: bone cells:
@ mechanically @ not excitable,

. @ electrically active,
active,

@ have passive

o electro sensitive, )
properties

o electro sensitive,
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Variety of cells

muscle cells: neurons: bone cells:
@ mechanically @ not excitable,

. @ electrically active,
active,

@ have passive

o electro sensitive, )
properties

o electro sensitive,

All cells have common passive electrical and dielectrical properties,
tissue-impendance is a singular characteristic.
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Cell morphology and cancer progression

Healthy tissue

Blood vessels © Hematoxylin-cosin 3

stroma. *blood vessl
listedin Supplementary Materal 1.

Nebuloni et al (2016). Scientific reports, 6(1), DOI: 10.1038/srep22522.
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Cell morphology and cancer progression
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Healthy tissue Perilesional tissue CRC

Collagen  ©  Blood v

oma. *blood vessls
listedin Supplementary Material

Nebuloni et al (2016). Scientific reports, 6(1), DOI: 10.1038/srep22522.

Signiticant changes linked with passive properties

@ Cell size and shape, density,
@ Cell membrane properties, nuclueus size and shape,

o Extracellular matrix (ECM) composition
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outline

© Tissue passive properties
@ Conduction in ionic media
@ Unveiling the membrane

@ Connecting to the tissues: electrodes

© Examples of applications in oncology



Quick Definition/Reminder

Impedance: complex number, electrical property of a material, in Ohm

Z(f):M:RS—F]XS where 72 = —1

1(f)
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Quick Definition/Reminder

Impedance: complex number, electrical property of a material, in Ohm

V()
Z(f) = —% = R, + 31X, where 72 = —1

I(f)

; R Resistive behavior I ¢ Capacitive behavior; , L Inductive behavior

— ‘_“v_ Miadiaae
Z =R : 7= 7 — Lo
: 202nf sL2rf
12l 12| 12|

i 1 decade
" per
decade
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Electrical Conduction in biological tissues

Electrical conduction has a different nature considering the medium
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Electrical Conduction in biological tissues

Electrical conduction has a different nature considering the medium

charge carrier: electron \ charge carrier: ions \

elec. charge: elec. charges:

—1l-e Nat Kt :41-e
cl—, HCO; :—1-e
Ca?t, Mg?t:42-e..

current: current:
d .
i 99 i=Y fon
dt ions

each ion can move due to migration,
diffusion, convection
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Resistance, con

In a homogeneous material:

a5 '
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Resistance, conductance

In a homogeneous material:

aS I P
/
electrical resistance given by:
/ 1
R=p-=-.L1
Ps=o's

with p the resistivity in (3 - m or o the conductivity in S - m1,
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Resistance, conductance

In a homogeneous material:

\

a5 '

/
electrical resistance given by:
/ 1
R = 2. L
S o S

with p the resistivity in Q- m or ¢ the conductivity in S+ m~!

material ‘ conductivity (S-m™1)
. . coper 6-107
to k d: .
© keep In min germanium 2.17
deionized water 55-1076
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Resistivity, conductivity

In a ionic solution:
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Resistivity, conductivity

In a ionic solution:
the conductivity is given by:

o = Z Aka

k ions

with ¢ the chemical concentration in mol/ - L= and A the molar
conductivity in S - m? - mol™1
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Resistivity, conductivity

In a ionic solution:
the conductivity is given by:

o = Z Aka

k ions

with ¢ the chemical concentration in mo/ - L= and A the molar
conductivity in S - m? - mol™1
and in strong electrolytes, at very low concentration, as in living organisms, A =~ Ag
independant from the concentration.
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Resistivity, conductivity

In a ionic solution:
the conductivity is given by:

o = Z Aka

k ions

with ¢ the chemical concentration in mo/ - L= and A the molar
conductivity in S - m? - mol™1
and in strong electrolytes, at very low concentration, as in living organisms, A =~ Ag
independant from the concentration.

to keep in mind:

Cation ‘ Agin S-cm? - mol~1 H Anion ‘ Agin S-cm? - mol~1
HT/H30T 350 OH~ 198
Na™ 50 Cl~ 76
K+ 74 HCO3y 45
Ca** 119 coy 72
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Resistivity, conductivity an example

Example: Conductivity of the 0.9% Saline solution

9g of NaCl per Liter of water
the atomic mass of NaCls is 58.5g - mo/~!
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Resistivity, conductivity an example

Example: Conductivity of the 0.9% Saline solution

9g of NaCl per Liter of water
the atomic mass of NaCls is 58.5g - mo/~!

NaCl = Nat + CI~

recall Ag .+ =50 S-cm?-mol~t and Ag - =76 S - cm? - mol !

9
Nat] = [C/ ] = NG _ 2 _ (154 mol- L}
(Na™] =[] = 1=~ = 555 mo

_ 0.154 (50 + 76
0 = Agnat [NaT] 4+ Ao [CI7] = 1(000)

(divided by 1000 to convert the L~ tin cm~3)

~19mS -cm1
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Cell membranes

Physical separation between the intra- and extra-cellular medium

@ about 5nm thick

@ phospolipid-bilayer: one layer is composed of one hydrophobic and one
hydrophilic lipid that self assemble in membrane
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Cell membranes

Physical separation between the intra- and extra-cellular medium

@ about 5nm thick

@ phospolipid-bilayer: one layer is composed of one hydrophobic and one
hydrophilic lipid that self assemble in membrane

Gases  CO,

High Very Ethanol
permeability | small,
uncharged
molecules

Water  H,0
Moderate —ee
permeability | Urea  H;NCONH,
Polar  Sugars
Low organic
permeabilty |_ molecules
lons Na*, K*, Mg?*, Ca?*,
cr

Charged  Amino acids
Very low polar  ATP
permeability | molecules Proteins
and
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Membrane, the electrical point of view

extra-cellular
medium

******* - 7 - QIIIIIIIIIIIIIIIIIIIIIIIIIIIIID
phospholipid

bilayer
********** JIVVVVIVIVIVIVVIVIVIIVIVIVIIVIVIVIVIIVIVIVIIII

intra-cellular
medium

Lipidic (insulating) membrane, sperating two conductive electrolytes
that ionic moving charges cannot cross
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Membrane, the electrical point of view

extra-cellular
medium

******* - 7 - QIIIIIIIIIIIIIIIIIIIIIIIIIIIIID
phospholipid

bilayer
********** JIVVVVIVIVIVIVVIVIVIIVIVIVIIVIVIVIVIIVIVIVIIII

intra-cellular
medium

Lipidic (insulating) membrane, sperating two conductive electrolytes
that ionic moving charges cannot cross
= Equivalent to a capacitance
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Computation of the membrane capacitance

for a 5 nm thick membrane,
gg = 8.85418782-10712 m3. kg1 .s*. A2
the relative membrane permittivity is ¢, = 5
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Computation of the membrane capacitance

for a 5 nm thick membrane,
gg = 8.85418782-10712 m3. kg1 .s*. A2
the relative membrane permittivity is ¢, = 5

C:sos,gza\/ps

where €y is the specific membrane capacity (F - m™—2)
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Computation of the membrane capacitance

for a 5 nm thick membrane,
gg = 8.85418782-10712 m3. kg1 .s*. A2
the relative membrane permittivity is ¢, = 5

C:sosé:av,-s

where €y is the specific membrane capacity (F - m™—2)

_ €0y 5 x 8.85418782-10712
C, = =
M= "¢ 5.10°9
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Computation of the membrane capacitance

for a 5 nm thick membrane,
gg = 8.85418782-10712 m3. kg1 .s*. A2
the relative membrane permittivity is ¢, = 5

S
C=¢e—=¢py-S
e
where €y is the specific membrane capacity (F - m™—2)

= _ €& _ 5 x 8385418782 10712
M= T — 5-10°9

~ 8.85 mF -m 2 =0.885 uF - cm 2

2

¢y =1 puF-cm™< is a common value in the litterature
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Suming up passive properties
Intra/extra-celllular medium

@ two resistive media

@ small ionic concentration changes
enable to consider it as constant
resistivity, (especially in
extra-cellular space)

All cellular membranes

capacitive
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Suming up passive properties

first  approximation  tissue

Intra/extra-celllular medium impedance model:

@ two resistive media

@ small ionic concentration changes
enable to consider it as constant R:
o ) o o 1
resistivity, (especially in
extra-cellular space) Re
V.
T

All cellular membranes
capacitive warning: tissue only, no elec-

trode
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outline

@ Connecting to the tissues: electrodes



Electrode classification

Electrodes
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Electrode classification

Electrodes
T

v b

redox reaction ion transfer mechanism
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Electrode classification

Electrodes

I

'

redox reaction

!

electrons

b

ion transfer

l

mechanism

charge carrier
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Electrode classification
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redox reaction ion transfer mechanism
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electrons m charge carrier

analytical chemistry, recording and stim-

application

biochemical monitoring ulating electrodes
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Electrode classification

Electrodes
|
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redox reaction ion transfer mechanism
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electrons m charge carrier

analytical chemistry, recording and stim-

application

biochemical monitoring ulating electrodes
I

Y ¥

polarizable non-polarizable
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Electrode classification

Electrodes

'

redox reaction

!

electrons

!

b

ion transfer

!
fons |

mechanism

charge carrier

analytical chemistry,

biochemical monitoring

recording and stim-

ulating electrodes

application

Y

polarizable

¥

!

non-polarizable

!

metal /aqueous

metal salt solution

sliver/sliver chloride/ aqueous

potassium chloride solution
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First schematic view

Vin terface

A

Metal 1 Electrolyte Metal 2

Extra/(intra)-cellular medium + cells

from electronics
to electronics
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First schematic view

Vinterface

yi

N
¢ Metal 1 Electrolyte Metal 2 "
c 9
o . . c
b= Extra/(intra)-cellular medium + cells o
8
() —_
(]
€ (lstim) o
L - - - - R e > £

Velecl , Vbio , Velec2
N N N
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First schematic view

Vinterface

yi

N
¢ Metal 1 Electrolyte Metal 2
Z O
c 2
o . .
b= Extra/(intra)-cellular medium + cells o
3 k9]
- o}
it <
IS (lstim) o
-. @ @ - 2
[t

Velecl , Vbio , Velec2
A A Veells A 7
Zelecl Zbio elec2

I—l\_/

16/ 28



First schematic view

Vinterface
yi
N
¢ Metal 1 Electrolyte Metal 2
‘c RS
5] . . c
5 Extra/(intra)-cellular medium + cells o
g
[} R
[}
1S (lstim)
o
IR S - 8
Velecl , Vbio , Velec2
A A Veells
Zelecl Zbio Zelec2

I—l\_/

Not a direct electrical acces to the tissue
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First schematic view

Vinterface

<

A)
¢ Metal 1 Electrolyte Metal 2
‘c .9
o . . c
5 Extra/(intra)-cellular medium + cells o
g
[} R
[}
IS (lstim) o
I TR | SN 2

Velecl , Vbio , Velec2
A A Veells
Zelecl Zbio Zelec2

—J _/
Not a direct electrical acces to the tissue

One or more materials directly in contact with the tissue
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Which material? (1/2)

toxicity reactivity
conductors  Gold non-toxic  non-reactive
Silver toxic
Copper toxic
Iron toxic
Stainless Stell non-toxic
Platinum toxic
Tantalum reactive
Titanium biocompatible
Tungsten non-reactive
Gold—nickel-chromium non-toxic
Gold—palladium—rhodium non-toxic
Nickel-chromium (Nichrome) non-toxic reactive
Nickel-chromium—molybdenum  non-toxic
Nickel-titanium (Nitinol) biocompatible
Platinum—iridium non-toxic
Platinum—nickel non-toxic
Platinum—rhodium non-toxic
Platinum—tungsten non-toxic
Platinized platinum (Pt black)  non-toxic
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Which material? (2/2)

toxicity reactivity
Semi-conductors  Silicon non-reactive  biocompatible
Germaniom toxic
Insulators Alumina ceramic non-reactive  biocompatible
Araldite (epoxy plastic resin) reactive
Polyethylene non-reactive
Polyimide biocompatible
Polypropylene non-reactive
Silicon dioxide (Pyrex) reactive
Teflon TFE (high purity) non-reactive
Teflon TFE (shrinkable) reactive
Titanium dioxide reactive

adapted from Merrill, D. R., Bikson, M., Jefferys, J. G. (2005). Electrical stimulation of excitable tissue: design of

efficacious and safe protocols. Journal of neuroscience methods, 141(2), 171-198.

commonly used materials in electronics and micro-electronics (gold,
stainless steel, silicon, polyimide) can be used!
warning: no copper
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The double layer (1/2)

Charged

metal
1 A

V/ Vo

Electrolyte

bulk electrolyte

legend:

*

(E2REN) i
539 solvated —+) 1on
) ( )

©  unsolvated (-) ion

®  water dipole
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The double layer (1/2)

Charged
arge Electrolyte
metal
TS i
legend:
g &% solvated (+) ion
5 HP
V/ Vo g
3 ©  unsolvated (-) ion
(0]
=
2 ®  water dipole
0 +
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The double layer (1/2)

Charged
arge Electrolyte

metal

TS ag 0
G

legend:
5
(K)
4 : i';" solvated (+) ion
V/Vo ¢ 9
:E 9%3 %ﬂ ©  unsolvated (-) ion
@ o =
O E] i

—4 B ®  water dipole
B qpqa o p

0+ 9 :
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T
o

Q|

LI

S
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The double layer (1/2)

Charged
aree Electrolyte

metal

12 48 ® ®
_4

legend:
5
)
- i'i solvated (+) ion
V/ Vo B o

:(< %ﬂ ©  unsolvated (-) ion
B = )
_j a ®  water dipole
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&
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S
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The double layer (1/2)

Charged
arge Electrolyte
metal
1 &
legend:
g &% solvated (+) ion
5 e
V/ Vo s
3 ©  unsolvated (-) ion
(0]
=
2 ®  water dipole
0 +
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The double layer (2/2)

Helmholtz Capacitance

A
Cq = Sosra

@ dpy is a constant

@ A the effective electrode
Surface Area

about 230uF - cm~2
value depends on surface roughness
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The double layer (2/2)

Gouy-Chapman Capacitance

Helmholtz Capacitance

A €0€r qi%o
Ch = €oer—— Cp = h
H = fotr g D=, (2RT
@ g; is the ion charge
@ dy is a constant
H @ Lp= ﬂ, with ¢; the
@ A the effective electrode \/ 2RTc;q;

Surface Area ion concentration

about 230uF - cm—2
value depends on surface roughness about 50uF - cm—2
possibly (voltage) non-linear

@ with ®g the junction voltage
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The double layer (2/2)

Gouy-Chapman Capacitance

Helmholtz Capacitance

A €0€r qi%o
Ch = €oer—— Cp = h
H = fotr g D=, (2RT
@ g; is the ion charge
@ dy is a constant
H @ Lp= ﬂ, with ¢; the
@ A the effective electrode \/ 2RTc;q;

Surface Area ion concentration

about 230uF - cm—2
value depends on surface roughness about 50uF - cm—2
possibly (voltage) non-linear

@ with ®g the junction voltage

overall specific capacitance value about 40;1ch*2
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Electrochemical potential

At the junction between a metal and a conductive electrolyte: electrical
voltage (Electrochemical half-cell potential) depending on the metal
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Electrochemical potential

At the junction between a metal and a conductive electrolyte: electrical
voltage (Electrochemical half-cell potential) depending on the metal

Material Reaction Potential
Aluminium ARt +3e~  —167V
Iron Fe?t +2e~  —0.441V
Silver Agt+e”  +1.7996V
Platinum Pt2t 4 2e +1.2V
Gold Ault +3e~ +1.52V
Aut + e~ +1.83V
H> 2HT +2e~  0.000V (Reference)
at T = 298K
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Electrochemical potential

At the junction between a metal and a conductive electrolyte: electrical
voltage (Electrochemical half-cell potential) depending on the metal

Material Reaction Potential
Aluminium ARt +3e~  —167V
Iron Fe?t +2e~  —0.441V
Silver Agt+e”  +1.7996V
Platinum Pt2t 4 2e +1.2V
Gold Ault +3e~ +1.52V
Aut + e~ +1.83V
H> 2HT +2e~  0.000V (Reference)
at T = 298K

Note that if symetrical materials — overal voltage = 0V
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The Faradaic impedance

charges may be shared by redox reactions:
transfer of electrons between the two phases (metal, electrolyte)

@ Reactions depends on the material,

@ higly (voltage) non-linear,

e complexe modeling (resistive but not that much, nor capacitive...),
°

in electrochemistry, considered as a Constant Phase Element.
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The Faradaic impedance

charges may be shared by redox reactions:
transfer of electrons between the two phases (metal, electrolyte)

@ Reactions depends on the material,

@ higly (voltage) non-linear,

e complexe modeling (resistive but not that much, nor capacitive...),
°

in electrochemistry, considered as a Constant Phase Element.

let us call it Zg, we will speak about it later
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First approximation physical model

Eerq Cra Egi2

Zr _”7 R; 4“_ Zrs

, Velec
N
Metal 1 Electrolyte Metal 2

3= Extracellular medium + cells o
2 o
© =
= it AN il .
2 || || S
8 Re ®
E lelec] Can Carz =
£ £
b 17
IS
S S
[
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outline

© Examples of applications in oncology



Biolmpedance in oncology (1/2)

First in-vitro studies on brest carcinoma:

T T
10" t ]
tumoral  _...-- S
Test sample /E [ 1
(Tiaaus) N [
[0}
E
>
1 = 10 s
Thin mylar tube 1 —— Glass cylinder >
(Forming a test vessel) (costed with a thin metal flim) — L
5 x
2 v
\ L 4
Plastic cylinder o healthy
(coated with a thin metal film)
o — 1 _ 1 1
107 107 10° 10" 10°

FREQUENCY (MHz)

Surowiec et al. (1988). Dielectric properties of breast carcinoma and the surrounding tissues. IEEE Transactions on

Biomedical Engineering, 35(4), 257-263.
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Biolmpedance in oncology (2/2)

To first needle devices for biopsy and cancer detection:

Puse respone methad

Ri [KQ]

n 2
g o 10

Colcation o T (o), V)

1 8
Calcuaton o impedance 2(s)
2=V 1w) 6
o0 20 300 @0
Freaquncy

=

Response voltage

From inner
electrode

Applied current

Coarial needle To outer electrode
electrode

Fatty tissue

Plate electrode
Caluiaton of ecumalent it

Tip of needle
Py
/1 \ 05 mm?
\
/’ \\ R
! \ R
] cm
| | Inner electrode
\ /
\ / Outer electrode
/
\

Morimoto et al. (1993). A study of the electrical bio-impedance of tumors. Journal of Investigative Surgery, 6(1),

25-32.
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To more recent systems (1/2)

Example of embedded system to monitor bio-impedance

MOBILE EXTERNAL IMPLANTABLE DEVICE
PHONE READER Rectifier
N
~ Y
ASK
m,m.m Modnlalor Powering +
Commands
Crys(i.l _| N
Mobile Phone ()sclllamr
g e
Rt(hﬁlr 4%,',‘?&%:3
N e
Dita 8-bit Micro
controller
[+ 10-bit
- ADC

Rodriguez et al. (2015). A batteryless sensor ASIC for implantable bio-impedance applications. |IEEE transactions

on biomedical circuits and systems, 10(3), 533-544.
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To more recent systems (2/2)

Example of imaging using impedance tomography

(@  Optical () Reconstructed () Reconstructed

@ ‘Stimaason 12 Images \ages Filtered Images g
3D Assembling structure 0.085
spmrvone 0071
- w 0058
0,044
2D Cross-secton view o044
7 0017

p Samplo | Middie

" Reaive Retatve Reatve

Optical [Eecicsl|  gerance Ortersncs| Diference
Width (w) [t 41mmit.45mm| 28% i 61mmt S4mm| 1.8% [1.76mm{1.82mm| 3.4%
Length () 28% p.1ommi327mm| 25% [1.76mm{1 82mm| 3.4%

Sun et al. (2010). On-chip electrical impedance tomography for imaging biological cells. Biosensors and
Bioelectronics, 25(5), 1109-1115.
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And more to follow with the lab session
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