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Short Abstract

In this paper, the load of the pulsed power generators is modeled using the impedance spectroscopy of human lung normal and cancer cells for
electroporation. Due to the differences in the electrical behavior of normal and cancer cells, cell modeling can be used in cancer diagnosis and treatment
selectivity (causing cell death in cancer tissues and not damaging the cells, and normal tissues) is effective. Also, due to the wide changes in cell
impedance under different conditions and the dependence of pulse generator structures on load impedance, cell modeling can have a significant effect
on the design of pulse generators and the creation of pulse parameters with the greatest effect. In this paper, the impedance of biological samples is
measured at different frequencies. Finally, for quantitative analysis of the electrical properties of cells, an accurate electrical equivalent circuit is
provided for the load. The proposed electrical model is not cell-focused but on the set of cuvette and its internal contents. This electrical model, taking
into account the effect of the two-layer electrical capacitor and parasitic effects, and expanding the frequency range from 100 Hz to 500 MHz. The
results show that the equivalent electrical circuit provided in most cases with an low error is consistent with the impedance measurements performed
for different samples.
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1-  Short Introduction

Identifying the electrical characteristics of cells is used in many clinical applications as well as diagnosing different types of cancer. Accurate
identification of the electrical characteristics of cells, in addition to facilitating the diagnosis of cancers, will also be very effective in cancer treatment
methods. One of the most effective methods of cancer treatment that has been used recently is electroporation-based methods. The basis of the
electroporation system is a pulsed power generator, which effectively transmits electrical pulses to the patient's body. The pulse power generator is
highly dependent on the load impedance to have a suitable effect on the treatment. In this paper, considering the importance of charge impedance in the
treatment and diagnosis of cancer, the impedance spectroscopy of various normal and cancer cells and then the modeling of cells as electrical circuits
are discussed.

2-  Proposed Work and Methodology

This study aimed to identify the frequency impedance spectrum of cancer cells to provide an accurate circuit model of cells for diagnostic and therapeutic
users of cancer. Since the types of cancer cells are different and are cultured in different environments and also different buffers are used to dissolve
them, the impedance of each type of cancer cell depends on the type of culture medium and Their buffer is different. In addition to the type of cell and
buffer, the type and shape of the electrodes also have a significant effect on their impedance. First, using the impedance analyzer at high frequencies,
the impedance of different samples of normal and cancer human cells is measured in electroporation cuvettes. Finally, an equivalent electrical circuit is
provided for the samples. In this paper, the electrical model of cells located in treatment chambers is presented, considering the effect of the two-layer
electrical capacitor and parasitic effects. To obtain the values of the electrical elements of the circuit, the curve fitting method is used using the MATLAB
Curve Fitting Toolbox. Due to the complex nature of the impedance, the curve fitting operation must be performed both in the real part and in the
imaginary part of the equation. If each part is matched separately, different values are obtained for the elements. Hence the fitting of the curve with the
impedance size is done in which both real and imaginary values are effective.

3-  Conclusion

The proposed electrical equivalent circuit parameters was adjusted to the measured values using the curve fitting method. The parameters obtained for
the equivalent circuit with this method have an smallerror, which indicates the high accuracy of modeling. Given that it is possible to generate pulses
with power spectrum density at low frequencies by electroporation devices, using extrapolation, the proposed equivalent circuit model from the
measured range of 1 to 500 MHz, Developed up to the range of 100 kHz 500 MHz. The parameters of the developed model also have an RMSE error
of less than 1%. The accuracy of the proposed model is investigated by the methods of sum squares of errors (SSE) and root mean squares of errors
(RMSE), which shows the high accuracy of the model.

4-  References
[11, 23, 24]


mailto:a.aziznia@grad.kashanu.ac.ir
mailto:mhejazi@kashanu.ac.ir

Tabriz Journal of Electrical Engineering (TJEE), vol. 52, no. 1, Spring 2022 Serial no. 99

oilgel (Tiwwcial 51 ooliiwl b (o 5929 510 ,0,15 0 (ol (g Slawge ,b (3L une
olwdl 41y (Gl 9 Jlo 5 ool

Ly 38 o
Oyl = oLl = HLals olKzils - analS 5 5y (owiiges 00SiSlS (5 558 (gmmiils

il ol Clobudl o 50

oS>

sl ladl 4y Glbp 5 Jlo i sbadsher Guilial (rimiiels jloslitinl b g (pda 09 50 005 Stz (ol Ol sladse L (s3lade & allis ol 5
15 iy il ool 5 o s e 5 il co sk S, (6 5ls S el yor 5 Jloy csloJsher oS iSUI 5, 15 STples 3528 b ol o0
5 hlee Lyl co sk uilagal 03508 Slpds @ a2 b eizpan 02l S50 (Jloji sladsho & ol pie 5 Glb s lash j3 S y0) ooy
S (618851 n i b Gl (sl el )y ol (sl ol slalge (Pik 50 Wlgios sb s3ledae Gl il 4 (ol sladdgs (sla il Sty
Jelodign 25 Caz 4 Sales 0 9 o (5 S ojluil calidie (SlaulS B 50 o )59 SSUl (SlaigeS )0 @ly (Fmm ) sladiges uilasl callie cpl o 0Bl ke
5 D955 degere slp g 009 sk 4 55 yeke cond I (S S Juto @Bly)0 005 o0 )] BB (S S Jolao oo S b (oS sla Sy (o5
odd )l 5 pale B e b e Ve e 5l oS ojl b g el Wl (oS 4V il Sl 88 5o b Jae cpl el B (s Slgime

)5 bl il sladiges sl eaiplonl Luilial (glocs S0l b e s Lm0 L sabad]| Ky i Juko e s s gl

Goals wlols
S S (ria 9 2SI el By g antS sk (oSl lo e cpuilagal (il

mhejazi@kashanu.ac.ir :Jgius oo g8 Joo!

VE YA il Lol gl
VE YT e ol (o),
VEN0/) tallie 3y gl



14 LS'L"' o)Lo..'L

VE) o) o,lad Y alo p,8 oS8l 3y skigee aloes [ 10

2 ey JS5a el BB gl 5 solr Sledbl (6 pslae (5503l
ST 3 el a5 1 eoliiuld ge (S g (lend S ans;
S LS 5 9580 Jlasl (S aised 550 4l 4 35 ((riwcil
o S eslital b igh oo Jlow 5 65l O 5l enelimsn b >
Glaaiz emen 60,8 SlebI 3 dlS 2 i o uiloel daiice
ol 3 Fobe Slopgibimges 5 8L @y bgrye (3l 5 (Suglsid
DV G cossas b

Oty Jloy 5 Gy Jobo 05, 55 (S 38Ul Sloogas (¢ pSoslul L
et oo S0 5 slael 5 511 plaS o a5 Jobo g5 au eols lis
Joolb DY 5,5 15 eslituls e sk om ple slp wlgs oo
g Ll (So Sl puilasl (sl S Wi oo hals Gl (riwcinl
Sl Sy o5 Jelodsn iz jokiea was Gl 1) (Soigden slasle
Joles e Jao oS slal ( Seislger (alo Jobo 5 ol (S 5 ol
RN W Sosre e 3 (ateine byl )y gliseil g L ol ol
ml 6pi LS5 ks Jobn e aasie slayall zlseal [V
e 5o 1y eabnlesl Sl oy gl asly ity e e | tale]

el 3 (sl 92ty Johoo o 51 S 2 g ool (S Sl Joe S
Ceond o Jaw ool o Vo] ol ons a3 8 Ja s alKe pais b
oy Caglie lyieas Jshusss 5 oo g Las I (K25 Colgn
ol 2 Wl 05 e siladae Syl lyrea dlid SzsS Colonn Cuand
Jol> oo LS Lok jlosle sl o S polie don oS5 L o)
adF S0 S s Sy (Jeke o SIS Jae o 005 s
OR5  5Lg S6 8 Joe preni L (3283 g o0l Lo Joo S el onnis
Bro ok sled Jow ol o LYY V] il onss @l Jokos o @l
5 &9 UL Judo 4 Cunglin G 5 05d cos 43Sl o S xSUlgo
oy 5l (8L (blu) Al G385 S 0 S g e Caaglie Sy
Lol Johoo (S8 oo sk sl @ bgnpe (250 50 Ggenily92925]]
20,5

Jole Jlae ( ok (s3] pogdle )] o o8 atlagee s lae Joo S
Jae ol 5o IVFT 895 o 55 Guloel (6 2503101 s sl ol ol
o by ok glad i 3 S g Caeglie Sy s g
) 5 Cuglie S L S e Cuaglie g3l (31 Sy Ceaglie
So L Se e g 0g Sl mhw (o a¥es o)l g S hase S Sl
Slgize 5 Dgs5 lp calin Joo S Grizmen Wgd oo 00ld (lad (>
Sl podle Jow ol ,o IVF] cilonss 5 @il) (Jsbo oygmnibimgun) LSl
Caoglio ¢ puiliS gl Jamgs (995 003 )laqS5) )] oVlasl g iggS ¥ go (55
g or e OIS e (3 g

Cewl @9 o dalme gy g Y 280 L5 l)lo Slay o JBlas g,
Blas 4y b (g, ol el oals ool osls Guudai 1o (slos 1uS jsboay a5
Ot odd gyt Slosls g diges o slallas Ola e Egezme il
layally (oo ange Jo o 5 S (o0 I 1) Laosls 3 Shee Gorlas
b olgss |y Jolee s sla el gl seial 5,51 oo caws 4 1 anslesl
05 dhngy (ot e Sl e Jilax Goa alins S5l 0slinul

Sl sl sl puilagsl (uilS 2 il Glulid Giags ool 5l Saa
acgore 5| 38 Joo S Al sl (rta 909 Sl slangeS 5o &Bly Jleyi g
Slr ol sladdse b Olsiear 1 05y (oo Gseilimge 5 D955

doddo -
Slasie glolis NN el Jloz 5 ol n! 50 s S o Jole mags Gl puo
35925 by (et aiiles (3L (Sl o )5 )0 Jshe (SG Sl
Slas b ais g 8] by b yw pasas d0] o> by
ol 00l oolazwl [V]

i ) s g opdle b Jolo SG SUl Slasine b lolis
O S wele She Jlews 55 Gl leyd oy, » el
SL0s s Pz i Sleysin csleysend Jolis b Gloyd sla sl
Oy loys sl ol 55 5y sbagtss ejaml Wsdioe
Sl e slapi o8l 5l by, (al )3 0350 on )13 oolitials e
Al 55,3 oo ooliiul ol ceiS 5k pac 5 S5 oleys obul s ks o
4385 1,3 ooliials g0 131 o5 o p ey e sloig, 51 %0 (S [
oS ey S g9 Sl akied (pda 09 5 (e slaghy ) et
Jlosl b e 909 5 cenl Vb (o250 51 g S (Sl locadlio b (oles
Jleel b a8 S o ool Jokor slae o atls (s38lie SG S slo b
DT sgi oo Jsko S e o e YU 51 slo ol 51 315 slaws

S % sebt & el (Ll Bl oo S (rd 29 S s ol
GRS Sz (ol Ol W oS S Sl o ]y (S0 Sl la L
30 a5 (5 ebay .l b udlaal 4 atily Slews cloys 5 cnlie (5135 3
bl sl s s b sla ol adgs o ondb Wge cilisee sl s Lo
3 I il a5l Wge (sl oais b uilael 4 o035 il b
PESCEIRCON IS U0 R W IN POV TGO PR RVO RN PRNPRCL  IRCA
ol Sy gy oo Galojl 90 b 51 330 (i o 405
Y olgs sl blae o o (odlal (23515 5 )L 5l e S
Slaseie glolid 4,5 .05 oo paseion |y odb Wae (>l G x>
b 50 Wlgi oo (S Sl Jolae e o B 5o (ol Wge L (S Sl
S il doe @8lgys 09d Wly whe Jleas 09 Sl s
ooy mSUl ol ys alaame Jolis ol Jlosl Cuz oY Oljgas dsgosre
W38 oo (I (ol ge b plgied o she b g <L 395 55 g VL]
3 el b ole 5 sl & 5 dcgose ol oSl k3, Slolis 14
el 42633550 (ol Moo (Al

sledsbo bavslie )5 (S S Qb @ Sl s sloshe conles
e go ol Gl sl el b arg Sl b ol oo W el yrig Jloys
sladshe & ol pas 5 Sl s laslo ;5 LS oy 59,2l
sl ol @b F & jeo Slalle 4 azg L VY] a7 GLLIL b
Aites olacglis gl )l (S Sl ks, bl 4 Wl sla Jobe 5 Sl e
@ Cod e sadsle slid G dded (e 5 cod b aS s sba
S Sk, gds slelis 1 IVE YT Wl e a8l s slaJgle
Sl s Wlgi oo Jlo s 5l (Sl o sla sk panteis (Sl 2 0gMle b Jshes
ok S o olmlcloyd 68 Il I polaie . aBb S5 5 plays sy
GBlbl Jlo s sbbdl 5 b ok 10 ol sbul pae 5 lb s lacily ;o

g sk Sosdl clarie olulis Jolite slagts, 5l S
;® -Zewl (Impedance Spectroscopy) ol iwcads sinsy slacdl
S0 (8 S 03Il calidie (SlailS 3 50 (Fnm ) diged uilial SHSS
Ggei b 05 jlm JS105 (e pla Sy Jds 4 by, ool [1700)]



YE Sl o) o)l Y als 5 olKiils @y LSM}\-\-\-Q-AM/ \#

Iyvl 3,18 592>

Sk ) (ri 919 S SLoigeS yo (Silul

]

Jow 00 ylug s g Agilent E4991A Jow 53T uiloel ¥ JSi
Agilent 16192A

£ —aen
s . —omem
= ——AS49-DMEM
——ASaS-RENI
—VRCS-DMEM
a00
200
000

Ferquency (hnz)

S 5 s 1 ilisn Jab (Wrdiges uiligel o310l ¥ JSUs

H

£ —

K — oo

i —nsés-ouem

2 — asenapm
—tenes-craen

Ferquency(unz)

S 3 o 1 iz Jghas (slaig05 uligel 56 -F S

S8 o o oSSl e i ) 55 el oy 99,5501 (5ol
by er (ol ol oo by Seislly Iy (S psIlags o5l
FOPREPUR BTN IY P

b il il -

2 odly Age 0, Slee o )b Cosal 4y azgi bl S5 45 sblen
(Jsho Osemilmg) O Sligiome 5 2955 (il (miocinl 4 Al o
o505t ko gz (S Slasio 5 oas sy
3 9 03 Oglite Slbyw sladobe 5 & £9d50 (nl 4 4z b Censs
SOl 0355 Jolowe Cuzr Gaizmed 5 Kigd oo ools 2uaS ilite slalaine
@ dh (Sl Joho £95 30 (uilagal 1 00 5 (o0 oslitul alizes sl 3L
5 &8 Al s Jsbo g5 » odle el glite )T Bl 5 cutS Lo g5
lie cpl o asls Slis Sl oyl Guilagel ole o 5 ooy 2SI IS
Sl il b & oSS Joles s &) g
VS wile 525,551 (slogsS 5 el Jlos 5 b (sl ol
5 ABA9 4y, Jlbw b Jsle uilawl wal 0gd 0wzl
5 RPMI FBS 10% .S slalaxs ;5 MARCS a4, Jloy sbaJske
S5 55 o 0 plol (50 s V(5327501 lassS 15 DMEM
DMEM RPMI 4igei 4 by oy & & b ) ojlad Sgsf
DMEM+ MARC5 4 RPMI+ MARC5 RPMI+ A549 .DMEM+A549
Oy b andllas ol o eoliiwls yge sladiges 1o la Jshe (o5lwoslel Laxinn
ol S Sis slao Gds 5 olnl sl ssieied] Lo Jsbo 3,90
Ival el ous absl ggiin!

Jo 5301 eilasl Gasbo 3l (Jshos o gomibinsgs 595 2 Slialos]
e g 0gb o plodil 35 ,08e 000 UY ouslS )8 &, )0 Agilent E4991A
005 0xS5 31 T ol & s S slotgsS Lol g
5 ¥ sl Ss )0 g e oslinal Y S5 axile Agilent 16092A _pgass
VUSS e Jobe grmilige sladiged Guilagel U 5 o5l ol ey ¥
el e el s plomil 1,55 S5 45 GialesT ol el s sl Lt
0y (65503l ol Sloghits 3y, 5l (oS0l Slyegs olisS Ll
el o oS e e 5l

Jolo jlue Juwo Y

sheslital (ogn Dypets Gayng Sl bl (sl by, (n i gl
Ot 22995 30 sl ¢y grailimagon [YF] (3505 280 (glanngS
S8y o Gl a5 ol (sl s Sldllas o ) 0 p)lS
PRIRICHNC gCES N | 7 IRVC UONPUN S N IRRCPCSIE VIS
O yyots 45 Col ond LSa5 d adloli b g A gl b (53lpe 35,550 amio
Slyeas lgion |y s 2SI slacgsS wlaid S )18 o (55,09, sl
Olgiear (509 i8Il DogsS Loy 2SI )T 50 45 2855 5l e 3l S
O3B e g ausles G Sl g0 oole ylaisds ygmilwsun g bluy Slrao
255 e silpe Cglie g 03l Jold sl Joo So D90t Dl )
LI L el e oml sbolS S Loy DC Cdl s Jae ol
Vb sl ils 3 3l o Sreten 51358003 0d e cnl 53 YU sla iS5
Ao e Sl ol (aglie 5 Gile SCaslb Sl il
8y s pS Slle 5 ekl adS 5 ol 4y a8 el anlsS Ul



14 GlLu o)Lo..'L

VE) o) o,lad Y als 3,8 oS8l 3y skigee aloes [ VY

ESR (Equivalent Series Resistance) L Joles (6w Caoglin b ol (0o
B ol @lamls ;3 51 ESR lade £ US55 Gillae g aales (Gudas)
SRl S 3 halS b g o jle (il 8 L ugSine alasly ¢ uilig, uilS 53
e plo mls o (F JSE) oads plosl slags 5uSo Il sollae [YY] w0
ool IVF] ol 55,080 Fee sgam 0 st slodiges uils, uilS,
Al b 4ol pas aiz sgu> )3 2ye b alagadl Jolas b ils 3
9 oolituls jge slo ol 5,e JBlas uizmen [YA] siis ailigl wis
Jds 130 LYA] el ailigilb pas dim S0 0 Liae Sl lalllas
oty oaigad uiligy S 5l rda 0558l (5,5 Sl puilS 8 4
Sl ls 3 51 S5 816 Cenglivo dolas Gillas g 2l Pl i amlgsu i
OB F 383 5l sy o0 5 & anslin SLlST uilig, IS 3 90 b oS
Shgods doles jo 1) ESR Caglae a5 sl p3¥ @¥olas U jloges Gollas
Ol aboe Gl il 2 2alS b Cueglie (nl o9t (L e Saeglie
AW el (Dielectric Loss) G xslgs wlals ob 4y sloayay 51,0 ,ls,
3 S SUls sole S b p,F el a5 ol (65 BT Sy iSUlgs
Se e &ly 03l S Jleplrear 258 o Cglie (S Sl lae S
ORIl g 48l il (6551 MW ilS 3 Al L eoglite by L e
5 Ceoglie ol aasly ¥ o] sl o 28lS s Conglie S xSUlss slos
el Sl o po SO RE oS 0,5 Lo (F) aaily & jg0a g oe |y S8

Rg
Rpsg = —
ESR ®

*)

35550 Sy b S lono yo ke 5 e slogsg 3l Jolono S o o
51 5L (Double-layer capacitance) a¥go il 5 w0 ,.8 o 1,8 Lla,
095801 sl plsn [¥F-Y) YF] ot aals jalls S oSl slaay¥so
g Sl Conms & (09,5801 5o ille b L) sl slocysy 55 e
ooles oo @ bagysy 5l oal S o )13 Ol gl (55, 5 endioia
o 5 Gy o 415 ) edls Lo VS 4 0,550 elans b puiins
Ly (gl @Y Glle )L L) 00 4¥Ss o (e 4 008 (0 Sl o
5o oddobnl gl glaay (ul.ogd o fate Jol MY 4 oS Satns
Oyt Jobe o jo g)0nlilasle 1) (6550 0,58 CoblB dasg iSUl o
55 (o0 )18 diged (ol 3 L s 5 S

Jlail b s w3 1) pes &Y & Jlal sl U5 08 o sloasy
0958 mlans jo (S xSl gloasY b 5l a¥es LS cand (sodls by
D30t 4¥50 5 008 g i se ea plu il 5l es 35
SlaogsS ol Jao 0ud S 3)lge axgi b gl Joo Cu
los Sgne ¥ IS e &0t sk (gmilingn (g5l (e 909 2SI
el oas il VS8 Jobes e uiloel (V) alad, 4o

Rg R,
Z=\—tT 2 5
® 1+R,"w?C? )
R,%wC Lo gL
\THRr202cr 7 T wcy

Joleo Hlow s ol ,4 -F

SV S Jolee o (o xSl slaledl polie 040,51 s 4y g
oslaiwl e Curve Fitting Toolbox 15 51 eolaswl b ¢ oo i3l g,
S5 olul glaosls 54,9 5 cuwlio dlolas QLI b 5l cpl b cadly s 065 o

g
R,ESR
L,ESL
Y YL
A\
C
|]
[
Zi Z

Sz bl S 8,5 i 5o b o3 Jolee Hlaw -0 i
Self-resonant frequency

Capacitive region #——— Inductive region

2|
~ | 2| =1/l ———ESR

|Z|=wL

[2)/ESR[Q]

.| [Electrode loss |
Frequency [Hz]

395235 — puilugel (il )3 il 50 uiligsy 4l -7 S
L¥YY] ESL 9 ESR asmwlxe

Rp

RESR
LESL cd

C

|1
il

Ogmdlems gur (59l (yilas 5929 5N 955 (S Sl Joro -V STl
S b 151 g (SO Il as¥gs (3l S1 8 )F Sl o b Jelw

39 el Syl @l 8 3 ks o b sl SO Jobee o & Sl
sl uls 3 o Sl Sl 30 @) B (V) Llg, & IS Joleo jlow
OV [P RN BRSO PP P L SRS GO LR P W

R R,2wC

Z = L —i—7r \
14 R,’w?C*  1+R,%w?C? Y
1z
C=_— )]
wZ'?+ 7"
AR AL ®
AT
Im=Z,+Z )
Zy = Rgsp +iwLgg )

Silge Canglio Ry 5l oo jlaw uilael Z () B (V) Lalg, o
i and Zslagly oIS @ (G b € (mibing)
dlgel Z, o Jolee e ulisl aghse ceand Z7 o Jolas e il
Cooglie Rpsp o Seiyjlly F1 51 o806 (uilagel Zy wonds (g pSojlal S
9 Resr yolily 99 jlade 09 alys Sl (uliSgail Lpg 9 el
slodiges sl GulS8 s Guilasl lajlages G Glsiee 1) List
30 Cenl paseine £ S 40 aS jbled 05l Cass 4 ol (5 puSe il
i o] S5 sl 5 Sl Sl ol YUl sloulS )3
S (o0 S Vb S &y usligsl s 9 3950
olS 8w w1y lade JBlas aiges Luilagel o jo a8 ulS
L RS G5l g il cools ahl cnl (o 1) Cl japde (il
b)) aiged Guilagal (oilisy) G5 3 50 7SS Bllae S o 05



VE) o o) o,lad Y ala 3,8 oS8l 3y skigee aloes [ VA

—AS49-RPMI

~—fitted

|z] ohm

1 32 60 91 121 15z 182 113 244 274 305 335 366 397 425 A6 486

Ferquency(MHz)

phase < Degree

1 3160 %1 121 152 18 23 4 ws 305 35 366 39T 425 456 486
Ferquency(MHz)

AB49 — RPMI diges _wiliumol 5l ges Gumdai — Vo JSi

|z]| ohm

1 B0 S1 121 152 142 213 244 274 WS 335 ME 37 425 436 466

Ferquency[MHz)

phase < Degree

1 2B W 11 151 M2 I 14 24 WS NS M 19T 415 A6 aa6

Ferquency[MHz)

MARC5 — DMEM igai yuilisel 51005 guadas —1) S

Joleo sl gla ol ojlusl ) Jguar

Sz;rrii)tle Circuit Elements Goodness of fit

oh @G i o | FF e
RPMI 3191 13.60 - 0.9 3.60 0.2018 0.0201
DMEM 39.86 10.32 - 0.76 3.52 0.0191 0.0061
ISAI\?I?EQI\-/I 36.9 10.04 - 0.84 3.48 0.089 0.0042
giﬁ; 47.63 9.22 - 0.26 3.62 0.186 0.0061
!\IADAMRECI\i 4576  10.84 - 0.66 3.65 | 0.0011  0.0015

@ o s Bl b g baosls b gaodas Cpa Hlais jg0 alobas culpo ond
ol (o A3l Slbes puilaal Coale (o9 Laliie 4 a4z g3 L 0sS
Dype 50 055 Oy dolas (aghge Cuand S b g (Ark> Ceand )0 o2
ool ul oo s s laplall sl aisee olie Coond jo alSlas il
polie Glojes jabay a5 Cewl ool bl uilagal o5l b gxie (3515

sl e O] 3o (ogpe0 5 Sk

SOl Jolro o Guulai s -0
Sodiges 5 polie Guilagael 518 5 o5lasl Badat Sloges VY A sl S5 50
FLy )sjauLo.a: el 00l oolo ul....\ ool &1 g o Jae b oo 6)'35").“'\';‘
ool oo (g 8ol polie b psa ()l Jow 0gd co cdmline
oLl cdsllae

Sluye 5Nl aly, g (SSE) blls Gluyw ggome  polis
GSojlal polde Bl cds Kily a5 cuwl (5 ,5l,L 90 (RMSE) lallas
Wil 5005 Hho 4 lay] jlake a0 10 .ol oo &1 Jolae jlow g o
Jobeo Jlae slo el )by polie V' Joaz ;o 09 aalgs Jow i cds Sl
Sl 4 axg bl ool lo RMSE ¢ SSE polae S5 L onls &l
Syge 35,086 V5l YL Gl iS850 euls plasl ulagel (sla g oIl
28l935 Sas 1 maly el 3 SISl 4 a2 g5 b Cap polie (e 13 caid 5

09

—Buffer Rpmi
—fitted

|z| ochm

Ferquency(MHz)

phase < Degree

o3 e s am 152 1@ 23 24 2 W5 WS 36 397 41 456 486
Ferquency(MHz)

RPMI 3L digos (uilogel log0d uudas —A JSUi

—Buffer DMEM

—fitted

|z| ehm
-

1 32 e @1 a1 152 12 213 280 274 305 35 366 397 A5 456 486

phase < Degree

1 32 e 1 w1 15z w2 m3 a4 305 335 366 397 a5 456 &%
Ferquency(MHz)



14 GlLu o)Lo..'L

VE) o) o,lad OF als o3p,08 oSS Gy sskigee aloea /14

A s s oS JLail ] o] e 5 el 0,5 i o B 5 05

Z, = WLy, inN1MHz - Z; = 22 m{} A)

5 Ry Rpsp slocwglin ol lapuls 3 )0 IS 31 Jalse s cnlnle
Sl 3 0 s Cyp o3l a5 coul asin e ol Gy 3
2als walss g tin Fl e slacaglic 4 Cod 5,006 ) I 5ok
55 F o sl USs 5 uilael (6ol 5l ool s a4y 56 5 05l loges
so ol 5 jlade (roly Sl plS )8 50 15 el £9d9e (nl oaaslis
WS (o0 oo (G ) (ke Caon 4 s 9
Olgisn 2 ) e Gl 8 50 oud (S jlail alals SG (A gl
omlagal Jlaka VY ST 50 0,8 dilme (poly (S8 01, Cgp ()3l polie
IVE] el Zlpend B sy s V SgsS sl Fp Voo Ll 8 e
e gladiges gl 3,0 Ve LulS )8 50 uslagel o5lil VY s sillae
Lo e Slowbre .ol mal YAV B VVY . oogumme 10 5 0 4 SO05 lews

03,5l (VYY) 5 (V+) &Yolee ;0 ABAY-RPMI digai slpCyp oy515 Hlake

R P
f<1MHz—>Z=RESR+Rp—i£dl )
f=100Hz—>z=%+9.26—im OV
1Z] = 1770 = j<M+ 9.26)2 + (;)2 (OY)

27 * 100 21+ 100 * Cyy
- Cq =092 uF OY)

aalyS dnloe LB (Folody 55 boaised plo sln polie i ren &
ool Gards anTyd 500 JbSola (3 Hlaie pad paseio | g 092
» Ca 3B 8Slogrgl 058 (pwyp Gl lad U 3sdoe S
@) 6 lae Joe 2o Gl S s S50 See YU slauils 3
oo plol Slawlre cpl o35 ,@l8ade+ b 5,00 ¢ 5l S 3 03l 45 o0t

ol il )8 yo aidlarwgy Joleo oo Guudai guls -V

ol 3,000 D - 555,01+ il 93] ek sl ke ¥ Jyar 5
Y Jgoz dulio b ol o0 00,91 Cyy o335 (6l das sowlcawoas il )b
Gk o 1, b OeSCar 3B ok Sl a5 S leioe Vg
Bee b ,m ) e il 5l Jolee oo 5 aLtls WU (slouslS 3 5 il
s osls Gl s (1 Jpir 5o Joe slo el b sie) 55,005
MARCS- &igas & g o 00t (6 S 03l uilial 56 5 o3Il Jlagas e
Bee b 5,m Vee LulS) 5l eons ) s e o 5l eads Lol> 3 DMEM

el 00l o0l isles oot , 8 Gl jeme LY SS o 5,050

— Measurement

g
(4]
kel
2
e
(o]
(]
=
100 % SMEM
10 R R V
o :
10 1 1 1
102 10 10° 108
Frequency (Hz)

Y GgeS 5o ciliso slaaiges (wilsol g o3Il 1Y S
IYF] (6 yo sleo

B (ol 38 03l 5 S b Jolao fote (sl ol s o311 Y g

e
Test Circuit Elements Goodness of fit
Sample
c Rp Cdl RESR LESL
SSE RMSE
(PP ) WwF)  (M2)  (nH)
RPMI 3191 13.60 1.56 0.9 3.60 0.2010  0.0201
DMEM 39.86 10.32 1.24 0.76 3.52 0.0199  0.0062
A549-
DMEM 36.9 10.04 1.38 0.84 3.48 0.0084  0.0043
A549-
RPMI 47.63 9.22 0.92 0.26 3.62 0.0015  0.0017
MARC5
-DMEM 4576  10.84 112 0.66 3.65 0.0701  0.0118

ol Gl 3 50 Jolro oo drwgi -#
T el bl aasein Guils 3 oSe b colite el sla by ope
S ol g I (i 505 701 (gloelSims rizran [Y0 YA
(Al iz b aslisSy wo wiz D 1) Gl (200 ) (slos S 03l 5o
0l 58 058 )3 ool il Jow aS) 4y dz g b 1ALV L YE] s 1l
GBIl b cnlie) b Guls 3 Sl ity gl e oad @il YU
b il 3 0 by & (ye

33, ) Guls 3 0 C il 5l Lol ulagsl sadiaulre sla sl

4 axg b ogdge asloy e Ve

Ao Caws a5 (A) ala,

1
Ze=—: in1MHz > Z; ~ 43k )

alie ;0 Gl Slauils 3,0 € il uslagel 0900 Jlal a5 j5blen

2 oeizmen 23,8 L s Sblae 1y ol lgioe 9 009 Sy s Ry L
Sz65 Sl Resp 9 Ry b dsliie )0 il Guilogl o (s (slo uilS 58



194 LS'L"' o)Lo..'L

VE) o) o,lad OF als 3,05 ol Gy ssoiigee alne / ¥

[4] C.J. Trepte, C.R. Phillips, J. Sola, A. Adler, S. A. Haas, M. Rapin,
S. H. B6hm, and D. A. Reuter, “Electrical impedance tomography
(EIT) for quantification of pulmonary edema in acute lung injury,”
Critical care, vol. 20, no. 1, pp. 1-9, 2015.

[5] J. A. Corscaden, Gynecologic cancer: Edinburgh Thomas Nelson
& Sons, 1951.

[6] S.Khan, A. Mahara, E. S. Hyams, A. R. Schned, and R. J. Halter,
“Prostate cancer detection using composite impedance metric,”
IEEE transactions on medical imaging, vol. 35, no. 12, pp. 2513-
2523, 2016.

[71 C. Murdoch, B. H. Brown, V. Hearnden, P. M. Speight, K.
D’Apice, A. M. Hegarty, J. A. Tidy, T. J. Healey, P. E. Highfield,
and M. H. Thornhill, “Use of electrical impedance spectroscopy to
detect malignant and potentially malignant oral lesions,”
International journal of nanomedicine, vol. 9, pp. 4521, 2014.

Sy dolae sl p gz pe oo ek S5 (b5 ibas  [A]
Oleys S sleslatwl b s s sgae e ylo s (gl el 4y aily
Sloxdo ) o)lad FA Al 5y 5 o2 3 (oiges Al €05 5
AYAY FFA-YA

Sloyd 9 oI5 e iludigd sololas wel> iy jhex alyp [4]
e € Sloyo gl (Flojd cond (25 5 Loy 3l eolistul byl s
AFANND- Y Sloxio F o)l (FA Al 5y 75 oKl 3 cmsikigeo
aray

E. W. Lee, S. Thai, and S. T. Kee, “Irreversible electroporation: a
novel image-guided cancer therapy,” Gut and liver, vol. 4, no.
Suppl 1, pp. S99, 2010.

H. Akiyama, and R. Heller, Bioelectrics: Springer, 2017.

Y. Mi, C. Yao, C. Jiang, C. Li, C. Sun, L. Tang, and H. Liu, “A
ns-us duration, millitesla, exponential decay pulsed magnetic
fields generator for tumor treatment,” IEEE Transactions on
Dielectrics and Electrical Insulation, vol. 18, no. 4, pp. 1111-
1118, 2011.

G. Qiao, W. Wang, W. Duan, F. Zheng, A. J. Sinclair, and C. R.
Chatwin, “Bioimpedance analysis for the characterization of
breast cancer cells in suspension,” IEEE Transactions on
biomedical engineering, vol. 59, no. 8, pp. 2321-2329, 2012.

P. Agoramurthy, and R. Sundararajan, "Electric field distribution
of human breast tissue." pp. 1-4.

D. D. Stupin, E. A. Kuzina, A. A. Abelit, A. K. Emelyanov, D. M.
Nikolaev, M. N. Ryazantsev, S. V. Koniakhin, and M. V. Dubina,
“Bioimpedance Spectroscopy: Basics and Applications,” ACS
Biomaterials Science & Engineering, vol. 7, no. 6, pp. 1962-1986,
2021.

S. Ren, K. Sun, D. Liu, and F. Dong, “A statistical shape-
constrained reconstruction framework for electrical impedance
tomography,” IEEE transactions on medical imaging, vol. 38, no.
10, pp. 2400-2410, 2019.

M. R. Baidillah, A.-A. S. Iman, Y. Sun, and M. Takei, “Electrical
impedance spectro-tomography based on dielectric relaxation
model,” IEEE Sensors Journal, vol. 17, no. 24, pp. 8251-8262,
2017.

J. Li, H. Huang, and T. Morita, “Stepping piezoelectric actuators
with large working stroke for nano-positioning systems: a review,”
Sensors and Actuators A: Physical, vol. 292, pp. 39-51, 2019.

Q. Lu, J. Wen, Y. Hu, K. Chen, H. Bao, and J. Ma, “Novel inertial
piezoelectric actuator with high precision and stability based on a
two fixed-end beam structure,” Smart Materials and Structures,
vol. 28, no. 1, pp. 015030, 2018.

H. Fricke, “A mathematical treatment of the electric conductivity
and capacity of disperse systems Il. The capacity of a suspension
of conducting spheroids surrounded by a non-conducting
membrane for a current of low frequency,” Physical Review, vol.
26, no. 5, pp. 678, 1925.

A. lvorra, "Tissue electroporation as a bioelectric phenomenon:
Basic concepts," Irreversible electroporation, pp. 23-61: Springer,
2010.

T. Garcia-Sanchez, R. Brag6s, and L. M. Mir, “In vitro analysis of
various cell lines responses to electroporative electric pulses by
means of electrical impedance spectroscopy,” Biosensors and
Bioelectronics, vol. 117, pp. 207-216, 2018.

[10]

[11]
[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

—measured
fitted

100

1
1.00E+02 1.00E+03 1.008404 1006405 1006406 1006407 1,00E+08
Ferquency(Hz)
50
40
30
4
&
g 10
v 0
% -10
£ -0
o
-30
-40
1.00E402 1006403 1.00E+04 LG0EN0S 1.00E+05 LOGEND? 1.00E+08
Ferquency(Hz)
(<)

03101 :(<l) MARC5-DMEM il 510903 umdai ¥ JSCi
oilagel 36 :(2) pilogel

GrSazs —A

5 sk 51 335 Jolaa Jas 052y Coranl & 4255 b e (o o
S e Jao Sy ol oy 5 et 9 (ol 5 ol sl
GaSolal a4y Ll cpl jo cwl oals (g S oslul uilal oy Cus
ek ) 09 S (slageS p3 Jle s g Sl sladshe (sl
WSl puiligel (il (g, L 5 ,ale 000 b)Y iS5 il o g
G S A slaShs 5 A5 5 b s Jas ol sa
el oud ) (Johor gmailimgm 5 (55l90 Ao 9 I JSie

o9y 5 eslaul b eadolpiing (SO Sl Jobee law sla el )by o5l
Sl yell wal eols gudai eal (5, Sojlail polie b g 5y
oS 009 2ol Ls slbas )l hg, ol b Joles Sl (sl suelcawsa
I L ol st Sl S5l 4 455 Ll 53l Jae (VL 2o Sl
S (o S (SAaolSEns Lags (s slaulS 3 o S il
e oo 31 oolial L oo o925 (oo 50 b alo oy ol
Verojba 3,00 000 B Y osds (6,505l o3l 5l golpiinn Jolae o
oals 00ld drwgd Juw (gl yialyl ol 0ols drwgy 3,080 B0 U 5 ,eelS
ol il Lo gadas sllas (slls 55

&=l

[1]  B.Farhood, G. Geraily, and A. Alizadeh, “Incidence and mortality
of various cancers in Iran and compare to other countries: a review
article,” Iranian journal of public health, vol. 47, no. 3, pp. 309,
2018.

[2] J. Yao, L. Wang, K. Liu, H. Wu, H. Wang, J. Huang, and J. Li,
“Evaluation of electrical characteristics of biological tissue with
electrical impedance spectroscopy,” Electrophoresis, vol. 41, no.
16-17, pp. 1425-1432, 2020.

[3] R.P.Braun,J. Mangana, S. Goldinger, L. French, R. Dummer, and
A. A. Marghoob, “Electrical impedance spectroscopy in skin
cancer diagnosis,” Dermatologic clinics, vol. 35, no. 4, pp. 489-
493, 2017.


https://journals.tabrizu.ac.ir/?_action=article&au=52108&_au=%D9%81%D8%B1%D8%B2%D8%A7%D9%86%D9%87++%D8%AC%D8%B9%D9%81%D8%B1%D9%BE%DB%8C%D8%B4%D9%87
https://journals.tabrizu.ac.ir/?_action=article&au=52106&_au=%D8%AD%D8%A7%D9%85%D8%AF++%D8%AE%D8%AF%D8%A7%D8%AF%D8%A7%D8%AF%DB%8C

14 LS'L"' o)Lo..'L

VE) o) o,lad OF als 3,05 oSl Gy ssoiigee b / V)

[32]

[33]

[34]

[39]

[36]

[37]

K. Ghoshal, S. Chakraborty, C. Das, S. Chattopadhyay, S.
Chowdhury, and M. Bhattacharyya, “Dielectric properties of
plasma membrane: A signature for dyslipidemia in diabetes
mellitus,” Archives of biochemistry and biophysics, vol. 635, pp.
27-36, 2017.

P. B. Ishai, M. S. Talary, A. Caduff, E. Levy, and Y. Feldman,
“Electrode polarization in dielectric measurements: a review,”
Measurement science and technology, vol. 24, no. 10, pp. 102001,
2013.

A. Ivorra, M. Genesca, A. Sola, L. Palacios, R. Villa, G. Hotter,
and J. Aguild, “Bioimpedance dispersion width as a parameter to
monitor living tissues,” Physiological measurement, vol. 26, no. 2,
pp. S165, 2005.

L. Redondo, M. Zahyka, and A. Kandratsyeu, “Solid-state
generation of high-frequency burst of bipolar pulses for medical
applications,” IEEE Transactions on Plasma Science, vol. 47, no.
8, pp. 4091-4095, 2019.

J. T. Camp, Y. Jing, J. Zhuang, J. F. Kolb, S. J. Beebe, J. Song, R.
P. Joshi, S. Xiao, and K. H. Schoenbach, “Cell death induced by
subnanosecond pulsed electric fields at elevated temperatures,”
IEEE Transactions on plasma science, vol. 40, no. 10, pp. 2334-
2347, 2012.

G. Saulis, and R. Saulé, “Size of the pores created by an electric
pulse: Microsecond vs millisecond pulses,” Biochimica et
Biophysica Acta (BBA)-Biomembranes, vol. 1818, no. 12, pp.
3032-3039, 2012.

[23]

[24]

[25]
[26]

[27]

[28]

[29]

[30]

[31]

W. Gu, and Y. Zhao, “Cellular electrical impedance spectroscopy:
an emerging technology of microscale biosensors,” Expert review
of medical devices, vol. 7, no. 6, pp. 767-779, 2010.

A. Silve, R. Vezinet, and L. M. Mir, “Nanosecond-duration
electric pulse delivery in vitro and in vivo: experimental
considerations,” IEEE Transactions on Instrumentation and
Measurement, vol. 61, no. 7, pp. 1945-1954, 2012.

Available online at: http:/fal.pasteur.ac.ir/Pages.aspx?id=329.

C. Jiang, R. V. Davalos, and J. C. Bischof, “A review of basic to
clinical studies of irreversible electroporation therapy,” IEEE
Transactions on biomedical Engineering, vol. 62, no. 1, pp. 4-20,
2014.

M. Honda, "A Guide to Measurement Technology and
Techniques, The Impedance Measurement Handboob,"
Yokogawa-Hewlett Packard LTD, 1989.

A. Silve, A. G. Brunet, B. Al-Sakere, A. lvorra, and L. Mir,
“Comparison of the effects of the repetition rate between
microsecond and nanosecond pulses: Electropermeabilization-
induced electro-desensitization?,” Biochimica et Biophysica Acta
(BBA)-General Subjects, vol. 1840, no. 7, pp. 2139-2151, 2014.
K. H. Schoenbach, S. Xiao, R. P. Joshi, J. T. Camp, T. Heeren, J.
F. Kolb, and S. J. Beebe, “The effect of intense subnanosecond
electrical pulses on biological cells,” IEEE Transactions on
plasma science, vol. 36, no. 2, pp. 414-422, 2008.

I. S. Zheludev, "Electrical Conduction and Dielectric Losses,"
Physics of Crystalline Dielectrics, pp. 455-532: Springer, 1971.
Y. Feldman, R. Nigmatullin, E. Polygalov, and J. Texter, “Fractal-
polarization correction in time domain dielectric spectroscopy,”
Physical Review E, vol. 58, no. 6, pp. 7561, 1998.



http://fa1.pasteur.ac.ir/Pages.aspx?id=329

