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Interaction

Case of
« Electric » Field

Maxwell’s
Equation

« Electrical Engineering approach on biology»
- Fondamentals aspects : understand the effects of Efield on living things
- Application aspects : imaging and acting on living organisms using Efield
Sensors and Actuators

Techniques
- Impedancemetry (AC) - Di-Electrophoresis (AC) - Electroosmosis
- Electrochemistry; EIS (AC/DC) - Electropermeabilisation (Pulse) - Electrothermal
ESIEE - Dielectric spectroscopy (AC) - Electrophoresis (DC) -

PARIS



Biological Cell for an Applied Physicists : Electrical modeling
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Cellular behavior under Electric Field
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* Electric Schematics
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Pethig 2013 ‘

ESIFE => Bio-Impedance (lonic conduction)
frequency range below 100 MHz
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Pethig_ 2010

Sphére homogéne

Dielectric properties (Polarisation effects)
frequency range above 100 MHz up to several GHz5



Micro-devices and biology : Order of magnitude
Size and scale

E > A Technology associated :
A . NEMS MEMS & Microfluidics
o o Nanotechnology
. . <100nm
® °
® °
o °
o °
. ° Bacteria ~ ® Molecule >5 nm
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m Ant 3mm N Virus 8onm
Man 1.8 m / e R Atom 0.1 nm
Classical IC technologies / MEMS -
ESIEE (based on UV Photolithography) Micro-Electro Mechanical Systems Process : Silicon, Glass and polymer

PARIS —> uSensors, Lab On a Chip... 6


http://images.google.fr/imgres?imgurl=www.quercy.net/gastronomie/images/noix.jpg&imgrefurl=http://www.quercy.net/gastronomie/la_noix.html&h=142&w=143&prev=/images?q=noix&svnum=10&hl=fr&lr=&ie=UTF-8&oe=UTF-8&sa=N
http://images.google.fr/imgres?imgurl=www.oceanes.fr/insectarium/images/insect/fourmi.jpg&imgrefurl=http://www.oceanes.fr/insectarium/insect.htm&h=147&w=220&prev=/images?q=fourmi&svnum=10&hl=fr&lr=&ie=UTF-8&oe=UTF-8&sa=N
http://www.uniroma1.it/ufficiostampa/immagini/cellule.jpg
http://images.google.fr/imgres?imgurl=www.jeaf.com/vinci.gif&imgrefurl=http://www.jeaf.com/toc.htm&h=142&w=141&prev=/images?q=de+vinci&start=160&svnum=10&hl=fr&lr=&ie=UTF-8&oe=UTF-8&sa=N
http://images.google.fr/imgres?imgurl=www.jeaf.com/vinci.gif&imgrefurl=http://www.jeaf.com/toc.htm&h=142&w=141&prev=/images?q=de+vinci&start=160&svnum=10&hl=fr&lr=&ie=UTF-8&oe=UTF-8&sa=N

Lab - On —a - Chip

Combining MicroTechnology — Physics - Biology

Micronics hematology cartridge -
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Interaction between Cells and Electric
Fiejd within microfluidic devices
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Global Cell behavior submitted to an
AC electric field — Static field

10

Frequency dependance behavior :
—>Electrical Impedance Spectroscopy to monitor *
physiological state

L.
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Monitoring of cell growth using bio-impedance
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Petri Dish (cell culture box) with
Micro Electrode Array

.......

oooooo

Cell érowing on electrode
— Electrical behavior

Impedance monitoring
with time

Biosensors and Bioelectronics, Elsevier, 2020, 161,
pp.112180. (10.1016/j.bios.2020.112180)

%mm Non contact cell monitoring (label free) :
LAVISION Optical and electrical without « probes »
ESIEE

PARIS

J. Boutzen Thesis



Monitoring of retinal cell development : long time (2 weeks)

i ' ' l ' 1 T =T 6
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ESIEE
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Monitoring retinal cell mortality under blue light
exposure

Case of retinal pigment
epithelium

Membrane capacitance monitoring
- Integrity of the cellular
membrane

4 x10’ é
' ' Changement milieu
-4-20 uM A2E '
35010 uM A2E LED OFF 1+ Phc:tos |
—+20 uM A2E "
Cals ) i
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— 2r  (6h) ! ! 1
4 Impact of A2E (photosensitizer) inducing L3 ! .y .
INSTITUTDE ; ; . I | |
LAVISION lesion on RPE under Blue light exposure 1 | | o . 3
8 10 12 14 16 18 20
ESIEE Time (Days)
o A2E . N'retiny"dene'N'retinylethanOIamine Biosensors and Bioelectronics, Elsevier, 2020, 167

pp.112469. (10.1016/j.bios.2020.112469).



Micro-devices for sickle cell disease study

4

Blood flow
mimetic micro-device

[Picot_2015_AMJH]

00:00:00 &7 =

Carbon
dioxide

(-

Use of electric measurement to analyse the
RBC passage within the capillary
14



Design and fabrication process

4

Impedance measurement

Gold electrode

Blood vessel size
microfluidic channel

Scientific Reports, Nature Publishing Group, 2020,
(10.1038/s41598-020-66693-4)

ESIEE

PARIS
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Design and fabrication process

Impedance measurement . Gold electrode

Blood vessel size
microfluidic channel

Scientific Reports, Nature Publishing Group, 2020,
(10.1038/s41598-020-66693-4)
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PDMS molding

PDMS

Sisubstrate

J

Reversible assembling of fluidic and electric levels
Parylen
T

PDMS
Gold electrodes

Top view on the electrode zone

rofluidic restri

_
I Gold el

Microfluidic : Molding of polymer material
(elastomer PDI\/l%}m (

IC Chip: Photolithography of conductive
thin layer

o

Assembly of Microfluidic channel
and IC chip
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Micro-devices for sickle cell disease study

PDMS microfluidic chip combined with electrode for electrical recording

X
: : v
Monitoring of blockade events 5
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CJ(I:L:IL cel!4 cell ;nmgeﬁg 7t:‘ell8 ce’ll 9 cecILLL

cell 3 cell 12

E%AEE - Time of transition and - Amplitude of the transition

(0.08V par intervalle)

[\
Statistical behavior (%):

normal law
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P RN |

I
1

2

amplitude of transition (mV)
correlated to cell deformability
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Field within microfluidic devices

/Bio-lmpedance\

!

SENSING

\

4

Interaction between Cells and Electric

c

€

ell polarisation

!

Cell sorting and

trapping

4
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Interactions « onde électromagnétique » et « matiere »
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Phénomene de relaxation diélectrique

Principe de caractérisation Polarisé par uNeh@wiakkeetrique appliqué
+ + + + + + +

@ @ ®<— Dipole

ilieu a caractériser Milieu a caractériser

e ) () ( (R oG
@@@

Onde Onde -
réfléchie transmise
Network analyzer I I % alsll més ~— (12
1 P oo - 2 &L = ‘
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Portl . Port 2 'B 3 21,mes

ESIEE
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Quadripole sous test
Wagner N., Schwing M. and Scheuermann A. Numerical 3-D FEM and Experimental Analysis of the
Open-Ended Coaxial Line Technique for Microwave Dielectric Spectroscopy on Soil. IEEE Geoscience and
Remote Sensing Society, 22 March 2013.




Dielectric relaxation phenomenon analysis
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Non polarized

T

oo OO O | ¢ ~  Polarization ph]eno1menla for dielectric
| OG0 © U] \ medium . C | lati P
Polarized by an applied electric field Interfacial Omp eX re atlve permlttIVIty.
‘ 6*6*6*6%*@1**5*@ ‘ @ polarization
[~ -l * 1 - n
2
00000 O Q] z A g (w)=¢(w)- Je (v)
------------------------------ £ | Counterions =J§ / Orientationa
£ | polarization polarization
g
Eg . -
s = Relaxation time:
@]
o 1
T, = -
2pi. f
E.‘f
10" 10 105 107 HQ2___4(™ 0% 10% 107
Frequency / Hz
= Model associated :
-> Debye Relaxation -> Cole-Cole Relaxation
A& A&

(@) =t 15 T F &' (@) = fo I T e

ESlEE
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EIectermagnetic properties of pure water

Partie reelle: Re[s"(w)] — 15° ——25°

— 35%

Partie imaginaire: Im[g""(w)] =~ 15" - - 25

- - 35

90,00

a0.00 —

60,00 —

40,00 —

Permittivité complexe

20,00

0.00 =

Log (Fréquence[Hz])

ESIEE
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Kaatze, U. J. Chem. Eng. Data 1989, 34, 371-374

T
100.00

Debye Relaxation Model
Ag,, (T)
1+ jor,, (T)

sy(@,T)=¢_(T)+
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Electromagnetic properties of liquids...

Partie réelle: Re[s"(w)] 15° —25° —— 35°
Partie imaginaire: Im[s"'(w)] — = 15° 25° — — 35°
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ESIEE
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Kaatze, U. J. Chem. Eng. Data 1989, 34, 371-374

Saltwater : 0.1 mol/L of Sodium chloride

y
Mixina of Ethanol and Water K
100 - H
——ETHANOL H |
90 ——229%ETHANOL | +,' = .
—— 41 %ETHANOL| Hasn C\ 'OH
80T ——58%ETHANOL | | | H
= 88, %ETHANOL H
2 70 -
*\-U
2
=
£
g
2.
5
B
Q
O
Frequency f[Hz]
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Spectroscopie diélectrique hyperfréquence

A4

Réflexion ou transmission des ondes EM :
cas grand volume

Pe rtegy

Moyen

Faibla

206G,

106G .
60GHz  Fréquence

PARIS

- Agilent 85070D dielectric probe kit, product overview, Discontinued product information.

- Wee, F.H. et al, Microwave and Optoelectronics Conference (IMOC), 2009 SBMO/IEEE MTT-S International.

sty Transmission en espace libre]

de réseau

5 o

Echantillon

Armature en sous test
Cylindre inox —
conducteur Flange i e A -
imeme\ g
Cylindre )d
Téflo conducteur d ' ¥ ) W
\ / externe ‘-/i_ 2 h
Antenne Antenne
Echantillon réceptrice émettrice E..
(@ (b)

Sonde a effet de bout

coaxiale

résonateur
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Sonde a effet de bout : « Open Ended Probe »

4

outer conductor  INner conductor

TEM-wave

\ |

A%

reflection at
specimen
Acquisition of the S11 parameter on the
surface of a concrete sample.
. ,

14 . = 65||l|||l||
£ e . 601 = Calibration materials 2
:é 5 ‘s / o ¥-03lxe406 55— @ Permittivity of brain tissue L# ’
I3 ' - R*=0,91
g N - ‘/.‘/'/./'- + CP-100% r 20
‘E' 10 o I/.l- = . CP ‘.u_) 45
£ . f . S 4 sz X
8 8- . T L *M S 35 ot )
- . I ¢ aC Q 1\
T T 2 30 o\
€ 6- i s . o g o ;

ot § 0] AT 1\

= 5. s Isotonic
21 10 sy NaCL solution
5 I
0 i ' : o T
0 5 10 15 20 25 30 35 40 ": ' |
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. . . . . -5 0/ 5 10 15/20 25 30 35 40 45 50 55 60\65 70 75 80 85
Guihard, Vincent, et al (2020) Construction and Building Materials, 230(), Al Région GF BErRitEt
ESIEE 116946—. doi:10.1016/j.conbuildmat.2019.116946 Ir Ethanol Real part of g gof braiFr: o y

PARIS

T. Reinecke, et al (2014), Sensors & Actuators, B
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PDMS

4

Case of open-ended probe (home-made)

Téflon
Signal
Plan de mesure
de S11
! Echantillon
7mm
0,5mm <€ >
$ 6cm
7mm Connecteur
SMA
PARIS >
Vers le YNA

Volume d’analyse = 1mL

El Fellahi (2017). IEEE sensors letters, 1(4), 1-3.

0.8}

06}

0.4}

0.2

sonde open ended - selection

- =

- -

- =
” ~
L *

e TR TREANDN = 24.67C

aal milipora 24°C

eau saka 09 gMidmL 23.37°C
@&l robinet 24.2°C

= mileu da culiure 334°C
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CARACTERISATION DE CELLULES BIOLOGIQUES PAR LA MESURE DE PERMITTIVITE

Mesure intracellulaire d’accumulation de lipide dans les microalgues (10MHz — 3 GHz)

4

Banc de mesure ¥ Solution de 1 ml
v Nombre de cellules: 70 Millions
v" Fraction volumique : 1,5 %

1NN

oo
o

o)
-

Solution A

N
-

El Fellahi, (2016). Procedia Engineering, 168, 1287-1290.
El Fellahi (2017). IEEE sensors letters, 1(4), 1-3.

Complex permittivity e* .

(a) Probe Incident (b) Equivalent circuit 20 S
A Wave S,
e
Reflected v Cf
Wave 08 s s e |9 . . ‘ _— 110
Lo, C(w, E,*) l 0 1 0 l 0
ESIEE U Frequency f [Hz]
PARIS gt Ut
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Spectroscopie diélectrique hyperfréquence
Miniaturisation - ligne de transmission
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Caractérisation de matériaux fluides de faible volume : <2 nL

Analyseur de réseaux

Technologie planar + gestion des Sk b risiotvic

i fluides a I'echelle de la biologie
2| . &1
| Echantillon PDMS microfluidic
/ moid
.
Plan de référence : : *

anlaﬁar Glass 7 End-launch
waveguide substrate SMA adaptor

(TifAu metal lines)

E%!{EE S. Seo, et al, IEEE/MTT-S International Microwave Symposium, 15 20 June 2008, pp. 915-918.
R. Facer, et al, (2001). Applied Physics Letters, 78(7), 996—. doi:10.1063/1.1347020
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Fluidic channel

Ligne coplanaire a microréservoir

+so Model
Measurements

without cells

4

Fluid permittivity
3

With cells

in 15 p.1] 2 0 35

Fréquehcy in GHz

ESIEE K. Grenier, et al, Conference on Biomedical Electronics and Devices,
PARIS Biodevices 2009, Porto, Portugal, January 14-17, 2009

S. Seo, et al, IEEE/MTT-S International Microwave Symposium, 15 20 June 2008, pp. 915-918.

-t x‘\

> 60 .
> %
g -8

| -
g \ ‘w\ Tumorous

40
g N
) .

5 0 > \ \\\
= e
w

Non tumorous > .

0 5 10 15 20 25 30 35 40
Frequency in GHz
Signature électrique de cellules vivantes
HUVEC (non tumorales) et SK-HEP-1 (tumorales)
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Ligne coplanaire a piégeage par diélectrophorese

4

1,2,9, 12, and 15 live Jurkat cells trapped

0.1

Diff. in S,;; Magnitude (dB)

-0.2

0.04

PDMS
CAP

' Gold

Lines 0.02 }

Sapphire Substrate
(®)

=
o o= -

Diff. in S,;, Magnitude (dB)

ESIEE SRS 1 2 3 4 5

PARIS  yaqing Ning, et al, IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 62, NO. 9,
SEPTEMBER 2014 Frequency (GHz) 29



Structure miniaturisée a effet bout : cas du peigne interdigité
Analyse d’une population réduite de cellules

4

Volume d’analyse < 1nL

IDR — CPW sous pointes en vue 3D IDR — CPW sous

FOpm
©|
__————————1ﬂnﬁr——J
[ ¢
( LS
$ Canal
150pm 17pm microfluidique

Zone de
détection 250pm
—
= 9()me Plan de mesure de S,;
!I! 5 10 (mm}) ‘\ su-8
3,125mm .
Banc de mesure sous-pointes

Mariam, H (2021), IEEE Sensors Journal, 22(4), 3553-3564.
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Case of Polystyrene
beads

(d=20um, &5 =2,6)

ESIEE

PARIS

Open ended integrated probe

4

80 |

75

70

G5

Spectre de permittivite relative

= = =Eau DI : valeurs théoriques
+ 1 hille de polystyrene

+ 2 hilles de polystyréne

+ 3 billes de polystyrene
Rempli de billes de polystyréene

Fréquence [Hz]

1010

Pertes diélectriques
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M
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= = =Eau DI : valeurs théoriques

+ 1 bille de polystyréne

+ 2 billes de polystyrene

+ 3 billes de polystyréne
Rempli de billes de polystyrene

Frequence [Hz]



Spectroscopie diélectrique hyperfréquence

Biocapteurs appliqués a la caractérisation d’une cellule

4

ligne micro-ruban

Flowing Particles

Microfluidic

RF Ground Plane

RF electrodes e

SU8 patterned

silica substr o Microfluidic channel

(b)

o
-

o
o

fF)

o
o
Y

¥

Polystyrene bead 15
(diameter 12 ym) Fused silica substrate
~— > Electric field distribution

‘ Particle under test (diameter 12 ym)

Capacltlvoe Contrast (
w

0,1

. . . . . . 0 1 2 3 4 5 6
ESIEE Landoulsi et ak, IEEE Radio and Wireless Week (RWW 2015), Biosensor Conference, Jan 2015, San Diego, United St: Frequency (GHz)
PARIS Zhang L.Y., et al, Sensors and Actuators A, 2014, Vol. 216, pp. 405-416. o
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Spectroscopie diélectrique hyperfréquence

Biocapteurs appliqués a la caractérisation d’une cellule unique
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Cas utilisation d’un piégeage « mécanique »

@ Microbilles
,
-

Force
hydrodynamiguoe

urs du canal  SErodynamiqu - .-f-.//// o«
microfluidigue ’ e g b
/

‘ I.
ra ,
".
——— K. Grenier, 2021 XXXIVth (URSI GASS), Aug 2021, Rome,
AC [fF) Italy. pp.1-3,

Frequency (GHz) .
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From broadband toward resonant sensor

4

Resonant frequency
determined by dinmeter

split-ring
resonator

antennas

Thin dielectric
rod specimen

Magnetic
field

1S,

5.0662
o /2n (GHz)
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Tunable split-ring resonator (SRR)
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N.Pejma, et al, IEEE Sensors Journal, VOL. 21, No 21, Nov. 1, 2021
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Frequency (GHz)
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Conclusion
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