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Abstract

Non-Destructive Bio-Assay of Single Living Cell

Vahé Nerguizian, Ph.D.
Concordia University, 2012

For more than a decade, researchers are trying to find out practical commercial
tool for particle/cell detection and characterization with portable, low cost, specific and
sensitive characteristics [1-4]. The advance of Micro Electro Mechanical Systems
(MEMS) and microfluidic technologies opened a major challenge for a large number of
researchers, industrial health and bio companies to invest their time and budget into the
avenue of point of care health instruments or devices helping the early detection of cancer

cells within the human blood via circulating malignant cells.

Actual existing commercial flow cytometer that detects and identifies the type and
size of cells are costly, time consuming and need the assistance of highly qualified
operators. Moreover, in certain research activities, micro cytometers are investigated and
assessed with different detection techniques such as optical, impedance spectroscopy,

electromagnetic spectroscopy and many other techniques [5-9].

The aim of this research is to investigate an innovative mechanism that enables to
characterize, identify and differentiate among various living cells including malignant
tumor cells through the use of the electromagnetic energy detection technique. Cells are

spatially centered in a microfluidic channel through dielectrophoresis technique then

111



detected and characterized by measuring and interpreting the RF signal transmission of

the cells passing one by one through the interrogation region in the microchannel.

The outcome of this research might help the clinical end user to gain
certain important information about the condition of the patient, establish personalized
treatment or track the effect of a treatment. Detection and counting of tumor cells may
help identification of early stages of illness and help patient with early care that may

significantly cut the overall cost of cancer management.

v



Acknowledgment

In the first place I would like to express my gratitude and thanks to my
supervisors Dr. Ion Stiharu and Dr. Miguel Jr. Burnier in their judicious and professional

guidance and assistance throughout my research project.

I address also my special thanks to several persons who strongly helped and
supported me technically, namely Anas Alazzam and Jules Gauthier. A special thanks to
Sylvain Brisebois mostly for his software programming support and to Emilia Antecka
for her wise and important bio related advices. For professional support I thank Dacian
Roman, Silvin Bakalian, Daniel Abourbih, Shawn Maloney, Sebastien Di Cesare, Tiffany
Porraccio, Kousseil Ben Ahmed, Steve Dubé, Maxime Thibault, Mustapha Rafaf, Bruno

Yango, Aurélie Dominguez and Ron Ettedgui.

The author would like to thank the CREER (Centre de Recherche En Electronique
Radiofréquence) strategic group for providing the fabrication process facility. Canadian
Microelectronic Corporation (CMC) provided on lending bases some of the Microwave
and RF test equipment and the author would like to express his gratitude for this
contribution. Thanks to COMSOL and HF Works for providing software support for
some simulations. I would like also to thank the support of Ecole de technologie

supérieure and of my colleagues.

For moral support, many thanks to my wife Choghig Piloyan and my children
Abraham Paul and Vana Gabriella, to my mom Alice Nerguizian, to my older brother
Varouj Nerguizian and his family, to my twin brother Chahé Nerguizian and his family

and finally to my bishop his reverend father Georges Zabarian.



This thesis is dedicated to my wonderful wife Choghig Piloyan and my children
Abraham Paul and Vana Gabriella. Thanks for your patience, support and

encouragements during all these years in preparing my research and writing my thesis.

I thank you all from the bottom of my heart and I love you.

vi



Table of Contents

Abstract............... i
ACKNOWIBAZMENT ...ttt ettt e et e e et e e e etb e e e e ba e e e ataeesabeeesabaeessbeeessbeeesabaeesstaeeanns v
TaDIE OF CONTENES c..teeii ettt sttt st e sttt et e s a b e e bt e sabeesbeesabeesaeeenbeesateebeesaseenbaeenseens vii
LI Ao Yol e 1Y o R USN Xi
[ Ao 3 V711 o Yo | PR XV
[T o) 2 1o ] Lo =4 Tor- I =1 01 o L PSR PRPRPPPRRRRY XXi

List of Figures
List of Tables

CHAPTER 1: RESEARCH INTRODUCTION ......ccoitiieemmmneceerereenmnsseesseeeennnsssssessssesnsssssssssssssnnnsssssssssssnnnns 1
1.1 INTRODUCTION ... ttttieeetie e ettt ee e ettt e e ettt e e ettt e essaneaeeanaesssnneesssnnaessnnsasssanaesssnnsesstnesssnnesessnnsessnnneessnneeesnnnees 1
1.2 DEFINITION OF THE PROBLEM ..tuuuunreeererusuneieseeeresssnnseseserssssnnnsesessssssssnnsesessssssssnnsesessssssnsesesessssssnnnesesssssnnns 2
1.3 OBJECTIVES OF THE RESEARCH 1vuuuuieeeteretuueieseeereresnnseseeerssssnnnsesesessssssnnsesesssssssnnnseseesssssnsesesessssssnnsesesessnnnns 3
1.4 ORIGINALITY OF THE THESIS .etutuuuueseeererssunnseseeeresssnnsasesessssssnssesessssssssnnsesessssssssnnsesessssssnsmesesessssssnneresessssnes 5
1.5 CONTRIBUTION ...eettttuuueeeeeeeeussnuneseeessssssnnaseeessssssnnaaseessssssnnnsesessssssssnnsesessssssssnnsesessssssnsnnsesesssssssnnnsesesssnnen 7
1.6 IMIANUSCRIPTS IN THE THESIS c.vtuuettttueeettteeeetuteeetsueeersteeerssnneesssnneessnesesssuneesssneeessnnsesssneesssnesessneeesssnneessnnnens 8
1.7 MICRODEVICE SYSTEM REQUIREMENTS, RESEARCH METHODOLOGY, PLAN AND IMPLEMENTATION SUMMARY ........... 9

1.7.1 L ao e [V ot Lo s BT U UPPRN 9
1.7.2 MUCIO QBVICES ...ttt ettt et e ettt e sttt e e et e e e satte e e sbseeeeasaeeenaseeas 9
1.7.21 Device for RF/Microwave frequency and power level determination ..........cccceeevveerveecveecneeenen. 10
1.7.2.2 Device for cell dielectric property determination (off line characterization).........ccccceeevvveennns 10
1.7.2.3 Device for cell centering, detection and characterization (on line characterization) ................ 11
1.7.24 DeVvice fOr RF Cell detECION...cccuiiiiiiee ettt e s e e e s ate e e sanes 12

1.8  CHAPTER SUMMARY AND THESIS LAYOUT 1uuuuueeeeeertuuineseeereesssnnesesesssssnnnaeseesssssssnnsesessssssssnesesessssssnnnneessssssnns 13

CHAPTER 2: LITERATURE REVIEW AND STATE OF THE ART ....ccuuciiiiiiiemnnnniiccsiinennnssssssessnsennnssssssssanes 15
2.1 INTRODUCTION: ...t eteetttttueeeeeeeessnenaeeeessssssnnaseeessssssnnaseeessssssnnseseesssssssnnsesessssssnnnesesessssssnnseseessssssnnnaeseens 15
2.2 CELLCENTERING AT THE INTERROGATION POINT ...eevevrtuuieeseeererssunsesessrssssnnsesessssssnnnesessssssssnsesesssssssnnnaeseens 19
2.3 CELLDETECTION AND COUNTING ..uutettuneretuneerttneeeruuneerssneesssneeessneeesssneesssneeessunsessssneessnnesessneesssnneessnneesens 22
2.4 CELL CHARACTERIZATION AND IDENTIFICATION ..euuueettnerernneeersneeerenneerssneesssnesesssnsessssneesssnesesssneesssnnesssnneseees 24
2.5 CHAPTER SUMMARY ...otttuuieseteettuueeseeeseteseunaseeeseenseasaseeesemssnnsseseeessmsnssnsesessssssnneseseserssnnnnesessesnssnnsneseens 28

CHAPTER 3: THEORETICAL ANALYSIS FOR SINGLE CELL MANIPULATION, CENTERING, DETECTION
AND CHARACTERIZATION.....cuettiiiiiiiissnetiiieniisseesissesisssssssssssesisssssssssssessssssssssssssssssssssssssssssesssssssssssnnnes 29

3.1 INTRODUCTION .. .uuuuttttteeeeeaautteteeeeeeesaasereeeeesesaauneeeteeesesaaannbeeeeeeesa s nsbabeeeeeaesannbebeeeeeeesannnnneeeeeeesannnnnnnenas
3.2 DIELECTROPHORESIS ...cttteteeeaauutettteeesasauterteeeesesaaneeetetesesaaneeeteeeeesesansbebeeeeesesannseseeeeesesannsneeesesesannnnnaeeeas
3.2.1  Principle of DieleCtropNOresis (DEP)..........cccvvecvueesiireeieeesisesiseesissessssesssessssesssssssssssssesenns
3.2.2  Dielectrophoresis theory.............cccccveevvuvevannnen.
3.2.3  Clausius-Mossotti factor and DEP force
3.3 RF/MICROWAVE TRANSIMISSION LINES.....cuveeveeereereeseesessesseesseesseenseesseesesssssssessesssesssessessesseessesssesnsesnns
3.3.1 Coplanar waveguide transmission [iN€ tREOIY.............ccccuuveeieeeeeeciiiieiaeseeeccciree e e e eseccirveeens 39
3.3.2  Different CPW line configurations within microfluidic devices ..............cooeeeevvvvieecvveeecrnnnn. 42
33.21 Standard CPW lines electrodes 0n 0Ne SUDSTIAte .......cccuverieeieerieniieeneeesee e 42
3.3.2.2 CPW lines electrodes sandwiched between two substrates........c.ccceveeriernienieeneeniieenieeiees 43
3.3.23 CPW lines electrodes sandwiched between two substrates with a gasket layer in between .... 44
3.3.3  Transmission line€ MatrixX fOr CPW [IN€S................uuuuueeeeeeiiiiiiieeeeeecccieeieeeeeescciseeeaaaeeessssenaa s
3.3.3.1 Cascaded two ports or transmMisSioN lINES........cccveveveeiieiecsie et
3.3.3.2 S parameters and extraction from ABCD MAtriX ......cccveereeriieenereseeseeesieeseeeseeeseeeseeesseesseeeeens
3.4 SINGLE CELL MODEL BETWEEN TWO ELECTRODES ....veeuveeuteesureenueeesureesseeesuseesseeessessseeesmsesssesessessseseseesssens
O 3 S 1011 do o [V (o1 1 (o B SRR RPTOPPUPPOPPPPIOE
3.4.2  Model of two electrodes without cell Or PArticle..............ceeeecvveeecieeeeeciieeeeciieeeceaessieeenn,
3.4.3  Model of two electrodes with cell Or PArticle .................cccveeeeeeceeeeeiiieeeiieeeeeciee e e,
3.5 COMPLEX PERMITTIVITY MEASUREMENT THEORY (CAVITY PERTURBATION METHOD)

vil



3.5.1  Introduction of COMPIEX PEIrMILLIVILY ........cccuveeeeeueeeesieeeeseeeeste e escteaesseeeestaaaescaaaeesseaeeas 53

3.5.2  Modes in rectangular reSONANT CAVILIES ..........ccccueeeeieeeesiiieeesiiieesiteeeesseeeesctasaessseaeesiseeaaas 54
3.5.3  Rectangular cavity perturbation MEtNOM ..............cccceoveeeveienieeniiesieesieeseeee e 56
3.5.4  Measurable resonant frequency and quality faCtOr ............cocoueevivevoeeesiiiniieiiieieeeeeeeee 62
3.6 FLUID ANALYSIS IN MICROFLUIDIC CHANNEL....cetttetauuuttteeesesaauertteeeeesesanrereeeeesesanreseeeeesssannssseesesssanannseeees 62
3.6.1  Navier-Stokes equations for a steady flow and incompressible fluids................cccccovuvenennn. 62
3.6.2  Forces present on an immersed spherical particle in a fluid................cccoovveeevvveeecveneecrnann. 64
3.6.21 ([0 dg'e o [8 Lot o] o OSSO PP PRSP 64
3.6.2.2 DEP €leCtrodes EffECT..c.uiiiiiiiiiiierieeie ettt st s aa e e tes 64
3.6.2.3 EleCtro- Magnetic EffECt......ui it eeeas 65

3.7 CHAPTER SUMMARY ...ctttetieeiautetteeeesssaitarteeeesssaausseteeesssaausteteeeeesasansasaeeeesesaansestaeeesssannnsaeeeesssasansaeees 65

CHAPTER 4: ' THEORETICAL ANALYSIS OF DIELECTROPHORETIC FORCE GENERATED BY PARALLEL

FACING ELECTRODES FOR CENTERING THE LIVING CELLS WITHIN THE MICROFLUIDIC CHANNEL ........... 67
4.1 INTRODUCTION .t eutteeutteeuteesteesteesteesssaesseessaessseessseesasaesasaesabeeeseesaseesssesnsessseesaseesnseesasassnseesnseesnseesnses 67
4.2 CELL CENTERING MICRO DEVICE...vveeuteteuvreeresesseesseessseessessnseesssessnsesssessnsessnsessnsessssessnsesssessnsessnsessnsessnses 68
4.3 PROBLEM DESCRIPTION FOR DEP PARALLEL FACING ELECTRODES ....vvtevreeuveeesueesseeesseesseeenseesnsneensessnsessnsessnnes 71
4.4 SOLUTION OF THE GOVERNING EQUATIONS BY FOURIER SERIES....cccceuveeeerreeesasureeessureeeesseeessssneesssnseessnsenesnns 76

4.4.1 TRE @IECLIIC fI@IU. ..ottt ettt e 81
4.4.2  DieleCtrOPROretiC fOrCE ......oommimmiiiniiaiieeeet ettt ettt ettt saee e 83
4.5 EXPERIMENTAL RESULTS 1.vveeuteteueeesesenseesssesenseessessnseesssessnsessnsessnsessnsessnsesssessnsessssessnsessnsessnsessnsessnsessses 84
4.5.1  Micro device design and faBIiCAtiON..............ccceccueieeciereeesiiieeesciieeecieeeesreeeesre e e e eaaaeesreaaeas 84
N N 0] | N o T =] o Yo I 1 (o) USSR 86
4.5.3  Experimental Set Up aNd PrOCEAUIE............coceeereeesiieieeiitese ettt 86
4.6 RESULTS AND DISCUSSION ....uvvteutreeureeesseesseeesseesssesasseessssansesssesanssssnsssassssssesassesssessnsessnsesessessnsessnsessses 87
£.7  CONCLUSIONS .euvveeureeenteessesaaseeasesanssessssasssssnsssasesansssansssssssanssssssssanssesnsssassessssesansessnsesensessnsessnsessses 92
4.8 CHAPTER SUMMARY ..veiitieiteeesteeeseeesaessesassasassesassesassesansesansesansesssssasssssnssssssessssesansessssesansessnsessnsessnses 93

CHAPTER 5: DESIGNS, SIMULATION AND FABRICATION OF MICRO DEVICE FOR CELL CENTERING

AND SINGLE CELL DETECTION/CHARACTERIZATION .....cccicereerierrneesissnnesssssnnesssssnssssssnnesssssnssssssansessssanaess 94
5.1 INTRODUCTION . .uuuuttttteeeeeeautttteeeeesesauterteeeesesaaunereteeeeesaaannraeeeeeesasnsbeeeeeeesesansseseeeeeeesannnneeeeesesannnnnanaeas 94
5.2 EFFECT OF NON THERMAL RADIO FREQUENCY RADIATION ON UVEAL MELANOMA CELLS ..cceoovuiiiiieereeerieeeeeeen 96

5.2.1  RFsignal exposure 0N liVing CeIIS.............uuuuueeeeciiieeiieeeesieeeeet e eetee e ssee e sta e e seaeaessseae e 96
5.2.2  Specification of the RF signal frequency and the power level on normal and cancer living
cells 97
5.2.3  Determination of frequency and power level of RF SigNnQl...............cccceeeevveeeevivveeeiieeeairennnn, 98
524 RF apparatus and MeasUreMeENt SEL-UP ........cc.vuveeeeeeeieeciiiieieeeeeeciiieeeeeeeeesisiareeaseeesssssseneas 98
5.24.1 1Y 1= g Yo Yo LSRR UPRRUPPTRN
5.2.4.2 Proliferation test
5.2.4.3 Experimental results and diSCUSSIONS. .....cc.cerverriieriiienienieerieesee sttt 102
5.3 SINGLE CELL CHARACTERIZATION DEVICE ..ccuvvereeeutreeesteeeeesureeesaseesesseeesasssesesssseesesssseesssssesssssseessssseessnnes 106
5.3.1 IGLEEIIQS ..ttt ettt ettt e e e e et e et e e sttt e e e st e e sssaaaesaseaeans 106
53.11 Channel sUbSrate MAtErial......c.cccuieriiiiereeee et e s e e saeeeneees 108
5.3.1.2 Electrodes Material (Thin Film) .....ccuiiiiiiiie e et e e e aree e 109
G AN O o 1010 T=1 [ {1 o g ols L1 o) ¢ R 109
5.3.3  Hermetic channel and flexibility of channel re-utilization ...............ccceccveeeeviveeecveneesrennn. 110
G S v 1o g [olo L (oY ¢ I o] do Yol [V ¢S 111
5.34.1 SUDSEIAte PreParation ...ccceeeeieceeeieeeeee e see e e et see e e st e e sreesree e teeenseeseesnteensaeeseenneeeneeas 113
5.3.4.2 Electrodes Deposition (Thin FilM ProCess) .......ccueeceereeriieeeieereesieeseeeieeseeeieeseeeseeeeneeesneeens 113
5343 HOIES AFIllING ..vveeieiiie ettt ettt e e st e e e st e e e sabe e e sbaeeasbeeesbbeeesnbaeaassaaennns 115
5344 Channel fabriCation PrOCESS ......cciii ittt et e e s bb e et e e eabeeesbaeessasaee s 116
5.3.4.5 Channel sealing and structure assemMbIY ........cccoocueerieeciirieeceeee e 118
5.3.5  Microfluidic Chip INtEGIALION ........cccvieeueeesiiiesieeeiiiesieesttesie ettt s e e siteesteestsessaessssesseesases 119
5.3.6  SIMUIGLION ...ttt ettt et et e ettt e st e e st e e e st e e e s ata e e e areeeeas 119



5.3.6.1 SIMUIATION RESUIES ....eiiiiiiiiie ettt e e e be e e s bt e e e s bb e e esabeeesssaeaesnanes 123

5.3.7  EXPEIrIMENTAI RESUILS ......ooeeeeeeeeeieeeee ettt e ettt e e ettt e e aaaesttaaeensaaaesasanaeas 125
53.7.1 Media preparation for polystyrene miCroSPhEres ........ccceecuvereerieesie et 125
5.3.7.2 Media preparation for SacCharomyCes CEreViSIiae ........eevverueereeriieerieecieseeeseesreeseeeseee e 125
5.3.7.3 Media preparation for different cancer Cells ..........oooviiiriiiiiiiiie e 126
5.3.74 Experiments with polystyrene microspheres and Saccharomyces cerevisiae.................cc...... 126

5.4 DISCUSSIONS. ...ctttttttetttttttttttettttttttetetetttttetetttettettttttttetetttt et tat e te e tat et e tet et et e e et et et et et et et e et eateeeeaeaeeaaerens 130
5.5 CONCLUSION ettt et ee ettt et ettt e e e e e sttt e e e e e e s e a b et e e e e e e e s s bebteeeeaesanbnbbeeeeeesansnbbaeeeessenannseaaeas 131
5.6 CHAPTER SUMMARY ...cetteiiieiuutetteeteeaautttteeeesssautetteeeesesastatteeeesesaassesaeeeesssaassnsaaesesssasssstaeeesssasasnseaees 132
CHAPTER 6: OFF LINE CHARACTERIZATION OF BIOLOGICAL CELLS......cccceevmemmmmmmmmmmmmnnmnmnssssssssssssnes 134
{70 R N 3T T Lo 1 | 134
6.2 THEORETICAL BACKGROUND......ceevuuuuuneeeeerersnnnnsaseesssssnnnsesessssssssnsesesssssssnnnseeessssssnnneseeessssssnneseeesssssnnnnns 137
6.2.1  Polarization, permittivity, conductivity and dispersion of materials .............c...cccovuvveeuveen.. 137
6.2.2  Microwave frequency biological material permittivity and conductivity measurement theory
141
6.2.3  Complex permittivity of cells at microwave freqQUeNCIEs .............cccocueeeevveeeeciveeeiiraesiienann. 145
6.3 CAVITY DESIGN AND FABRICATION ...eeeiuvteeesureresnuuresesseeesasssesesssseeesssseeessssseessssseessssnessssseessssssessssssessanes
6.3.1 Design Of CAVILIES At S-BANG ...........ccuueeeeeeeeeeeeie e ee e e e ettt e eetaaa e et taa e e s stseaessssaessseaaaas
6.4  SET UP FOR PERMITTIVITY AND CONDUCTIVITY MEASUREMENT ..eevvvuineeeerererstieseeeesessnnneseeesssssnnnnesesssssssnnnnns
6.5  SOFTWARE FOR AUTOMATIC MEASUREMENTS 1.uuuueeeeeeersteieeesersressnenesesesssssssnesesessssssnnneseeessssssnneseessssssnnnnns
6.6 PERMITTIVITY AND CONDUCTIVITY MEASUREMENT PROCEDURE
6.7  MATERIAL PREPARATION AND METHOD ..veeeeuvreteraureesesureeessssseeesnsseeesssesesassseessssssessssseeessssseessssssessssseessnns
6.8  TEST RESULTS AND MEASUREMENTS. .. .uvteeeeereeesureeeesnseeesassseeesnseesssnsesesssssesssnssesesssenesssssesssssssessssseessnnns
6.8.1  Calibration or reference MeaSUrEMENTt...........coccueerueercueeriueenieesieeeiee st et e st e sreesieeeaaee s

6.8.2 Different biological cells (reference, WBC, Hela, prostate, breast and uveal melanoma
cancer) measurement

6.9 DISCUSSIONS...ccutiittiitiiitiett ettt ettt ettt s he e b et et eas e be et e e b e et e e b e s aae s be e sbe e beeabeeabeeaseebsenbeens
6.10 CONCLUSIONS ..veutieiiiiteeete ettt ettt be e et be e b et e b et e e et e s ba e s be e s be e beeabeeaseetsaebsebaens
6.11 CHAPTER SUMMARY ....uiiiiitiieteeetee ettt et ettt et et e aa e e te e e s an e e e aae e s s e e eaneesaseeeaseesabeeeaneens 168

CHAPTER 7: ON LINE CHARACTERIZATION OF BIOLOGICAL CELLS AND BULK MEASUREMENT OF

CELLS 169
7.1 INTRODUCTION....uiieeeeiuuuueeeeereeeuunneeeeeeennnnnneeeeeernnsnnnaeeeesnssnnnns
7.2 CROSS FREQUENCY DETERMINATION OF LIVING CELLS
7.2.1 INEFOTUCTEION ...ttt ettt et e ettt e e st e e et e e essaaaesaseaeens
7.2.2  Material and media PreparQtion ................uueeeeeeciiveeeeeeeeseiiiiieeeeeeseesisteeaeeeesesisveesaaesessinnnes
7.2.3  Cross frequency measurement and results of RBCs, WBCs and different types of cancer cells
172
7.3 CELL DETECTION AND COUNTING c1ttvuuuueeeertrunnnnseeeeerennsnnnsesessssesnnnsesessnsmssnnnsesessnmssnneseeesenssnnsesesessnnnnnnns
7.3.1  INEFOQUCTION ..ottt ettt sa et e s et essteenateesaneenanes
7.3.2  RFE/MICIOWAVE AETECTON ...ttt ettt et e et sete e s et e s esaes e s e sanes
7.3.3  Cell detection aNd COUNTING .........ceueeeeeeceiieiieeeeeeeeetee e eeecce e e e e ss st e e e e e e sssstaasaaaesessnsees
7.3.4 DiSCUSSIONS ...
7.4  ON LINE CHARACTERIZATION AND IDENTIFICATION
YA R [ g o [V o1 (oY U OUPPRRPPPP
7.4.2  Single cell model in the in the RF/MICrowave Path ............ccccccveevveeivesieeeirvesireeeivsesiseennnes 178
7421 Geometrical dimensions of the electrodes and the microchannel of the two devices............ 178
7.4.2.2 Analytical model of the CPW of the entire MicrostruCture ........cceevceereerceereeseesee e 181
7.4.2.3 Simulation of the single living cell in between two parallel facing overlapping electrodes within
TN MICTO VICES ..ottt ettt st sa bttt s e e s bt e st e s bt e sabeesabeeabeesabeeabeesaseenseesateenasenas 185
7.4.24 Analytical model of the single living cell in between two parallel facing overlapping electrodes
WIthin the MICIO GEVICES ....eieiiiiieiieeece ettt et e s bt st esat e et esabe e bt e sabeebeesaneenbeenas 188
7.4.2.4.1 Analytical model results of cell 92.1 N GIYCEIrOl......ccvivveriieeieeee e 189

X



7.4.2.4.2 Analytical model results of cell 92.1 in SUCrOSE/dEXIrOSE ....ccviecveeiieeerieereetee e 192

7.4.2.4.3 Analytical model results of WBC in GIYCErol .........cccviiiiiiiiiiiiieeiieccieecectee e 195
7.4.24.4 Analytical model results of WBC in SUCIOSE/dEXEIOSE. ....ccvveiveeierreeieireeiesre e e e sreeee e aenns 198

7.4.3  Single cell RF/Microwave measurements for cell characterization ...............cccceceeeveveense. 202
7.43.1 Material and Media PrepParation ..........ocueiiciieecieee e e e e sba e e s araa e 202
7.4.3.2 Single cell RF/Microwave measuremMeNnt SEL-UP.........cccvveerueerireenreesieeenreesreessessseesseessseesseeenses 203
7.43.3 CllS CRNTEIINEG ..eeeeieee ettt et e ettt tb e e st e e e s bt e e s abeeesabbeeessbbeesnbaeesasaeeennnaeess 205
7434 Single cell RF/MiICrowave MEASUIEMENTS .........eccverieeriereeieesreetesteeieesseessessessesseessessesssessesssenes 210
7.4.3.5 Discussions and diffiCUITIES .....c.eeieeviiiiiiee ettt e earee e 219

7.5 CHAPTER SUMMARY ..evtutiittueirttieeereteeresueeessietersneessssneessssntesssnsessssessssnserssseesssseessssesersronessssneesssnnses 223
CHAPTER 8: GENERAL CONCLUSIONS, SUMMARY OF CONTRIBUTIONS AND FUTURE WORK....... 224
8.1 GENERAL CONCLUSIONS OF THE RESEARCH STUDY ...cvvuuniiiruneerriterernneersnneerssnsersnneesssseessssnserssnsesssnneesssnnnes 224
8.2 SUMMARY OF CONTRIBUTIONS ..eeevererererererererereeesesesesesesereeesesesssesessesssseessssesesesesseesessssseresesemererermmermrn 226
8.3 AREAS OF FUTURE RESEARCH WORK ....evtverererererererereseeereseresesesesssesesesesssesesesesesssesssesesesesesesesemsreresemememeren 228
APPENAIX A ..ottt e b s e b e e e bt b e e e r e e Rt e Rt e aRee e ne e e n et e bt e e nre e reeeneenneeerees 231
APPENIX B ...ttt e e et e e e et e e e b e e e et e e e et aae e e bbeeeaabeee e tteeearaeeeabaeeearreeeanares 235
RETEIEINCES: ettt et e e et e e e s ate e e e abe e e s ba e e e ateeeeeabeeeabaeeeaateeeeaaeeeabaeeeantaeeanns 238



List of Acronyms

2D

3D

AC

ANSYS

ARclearTM 8154

ARROW

ARVO

AutoCAD

AZ1518

Bio MEMS

BNC

CAD

CATIA

CM

CO2

COMSOL

CP

CPW

CMC

CTC

Two dimensional
Three dimensional
Alternative Current

Engineering simulation software , Computer Aided
Engineering (CAE)

Adhesive from Adhesives Research, USA
Anti-Resonant Reflecting Optical Waveguides
Association for Research in Vision and Ophthalmology

Software application for Computer-Aided Design (CAD),
Autodesk CAD

Photoresist from AZ Electronic Materials

Bio Micro Electro Mechanical Systems

Bayonet Neill-Concelman low frequency connector
Computer Aided Design

Dassault Systeme CAD software

Clausius-Mosotti factor

Carbon Dioxide

Finite Element Analysis Solver and Simulation Software
Complex permittivity

CoPlanar Waveguide

Circulating Malignant Cells

Circulating Tumor Cells

X1


http://en.wikipedia.org/wiki/Computer-aided_engineering
http://en.wikipedia.org/wiki/Computer-aided_engineering

DC Direct Current

DEP DiElectroPhoresis or DiElectroPhoretic

DNA Deoxyribo Nucleic Acid

FACS Fluorescence Activated Cell Sorters

FEA Finite element analysis

FEM Finite Element Method

FTIR-MSP Fourier Transform Infra-Red-Micro SPectroscopy
GEI12A Silicone rubber from General Electric

GUI Graphic user interface

HFWorks High Frequency Design Analysis for SolidWorks Designers
ISM Industrial Scientific and Medical

ITO Indium Tin Oxide

Labview Laboratory Virtual Instrumentation Engineering Workbench
LTTC Low Temperature Co-fired Ceramic

Matlab™ MATrix LABoratory

MEMS Micro Electro Mechanical Systems

MMIC Microwave Monolithic Integrated Circuits
mRNA Messenger Ribo Nucleic Acid

mS/m Milli-Siemens per meter

nDEP Negative DiElectroPhoresis

NIH National Institute of Health

NIST National Institute of Standards and Technology

xii



Op-Amp Operational Amplifier

PCB Printed Circuit Board

PCR Polymerase Chain Reaction

pDEP Positive DiElectroPhoresis

PDMS PolyDiMethyl Siloxane

PH Measure of the acidity or basicity of an aqueous solution
PMMA PolyMethylMethAcrylate

POC Point Of Care

Q-TEM Quasi-Transverse Electro Magnetic

RBC Red Blood Cell

RF Radio Frequency

RT-PCR Real Time Polymerase Chain Reaction
S-band Covering the frequency range from 2 to 4 GHz
SU-8 Negative photoresist

SCM Schwarz—Christoffel Mapping

SMA SubMiniature version A RF connector

Sulforhodamine B In vitro toxicologyassay kit
based (TOX-6)

UM Uveal Melanoma
TE Transverse Electric
™ Transverse Magnetic
V-groove V shaped groove

WBC White Blood Cell

xiil



WR284 Waveguide Rigid (Rectangular) for S band

Xiv



List of Symbols

B
P
Ho
Hd
Hr
Ao

Acsn

ai, Ai, bi,Bi, ci,
Ci, Cii,di, Di, Fi,
Gi

Cmem

Co

Dielectric relaxation

Phase constant

Air permeability

Dynamic viscosity
Relative permeability
Fourier series constant
Area cross section at port n

Geometric dimensions or constants or parameters

nth Fourier series constant
RF signal amplitude
Magnetic field flux density

Magnetic field flux density variation

Magnetic flux density in the unperturbed or empty cavity

Conjugate of the magnetic flux density in the unperturbed or

empty cavity

Capacitance of jth element
Membrane capacitance
Velocity of the light

Electric displacement field in the interior of sample

Electric displacement field in the unperturbed or empty cavity

Conjugate of the electric displacement field in the unperturbed or

empty cavity

XV



Eruys

F

A

A

Sion
Fuovancy
Jcross
Fpgp

Fpep remrcrowave
Fprac

Jr

FGrayiry
Fiorentz
Jo

JrrF

GHz

Electrical field vector

Electrical field vector variation

Electric field in the unperturbed or empty cavity
Conjugate of the electric field in the unperturbed or empty cavity
Root Mean Square amplitude of the applied electric field
Electrophoretic and polarization forces

Frequency

With specimen cavity measurable frequency

Frequency of the dominant mode

Buoyancy force

Cross frequency

DEP force

DEP force from RF/Microwave signal

Drag force

Volume fraction

Gravity force

Lorentz force

Empty cavity measurable frequency

RF signal frequency

Gravity vector

Giga Hertz

XVi



H,

H,

Im (5*)

Ks K,

L, W, h, Lp, Wp,

0, 0Os

Magnetic field strength in the interior of sample
Magnetic field in the unperturbed or empty cavity

Conjugate of the magnetic field in the unperturbed or empty
cavity

Imaginary part of the Fourier transform of 4(t)

Complex number

Complete elliptical integral of the first kind

Kilo Hertz

Argument of the complete elliptical integral of the first kind
Wall correction factor in the 1 direction

Variable or constant

Dimensions or length or width or height

Variable or constant

Mega Hertz

Particle dipole moment vector

Pressure

Pressure vector

With specimen cavity measurable quality factor
Particle charge

Volume flow rate at port n

Empty cavity measurable quality factor

Radius of the particle

Xvii



Re (5%*) Real part of the Fourier transform of f(t)

Re [fCM] Real part of the Clausius-Mossotti factor
R; Resistance of ith element

S Cavity surface

S Empty cavity surface

S parameters Scattering parameters

Sii Complex scattering parameters of ith port
TE o1 Dominant mode transverse electric

™ Transverse magnetic

Th Thickness of the electrodes layer

V Cavity volume or electrical potential

v Velocity vector

Vo Empty cavity volume or electric potential
Vi Electric potential with respect to 1 axis

Vii Second partial derivative with respect to 1
WV Velocity

V, Volume of the particle

Vs Volume of the specimen

Wg Electric energy in the cavity

W Magnetic energy in the cavity

Wr Total energy in the cavity

Xi x coordinates with respect to the considered domain

XViil



Vi
2y

Zi

a dispersion

p
B dispersion

Y
vy dispersion

0 dispersion

Eef]‘

" "
& i gl‘i

y coordinates with respect to the considered domain
Characteristic impedance
Impedance of the ith element
Attenuation

Ionic polarization

Constant or variable

Interfacial polarization

Propagation constant

Atomic and electronic polarizations
Orientation polarization

Relative permittivity

Complex permittivity

Complex permittivity of the media
Complex permittivity of the particle
Air permittivity

Effective permittivity

Dielectric constant of the media
Dielectric constant of the media
Dielectric loss of the media
Dielectric constant of the particle
Dielectric loss of the particle

Dielectric loss of the ith material

X1X



()]

Dielectric constant of ith material

Dielectric constant of the ith material

Wavelength

Fluid density

Total electric charge density

Conductivity

Conductivity of the media

Conductivity of the particle

AC signal oscillation frequency or angular frequency

Angular frequency of empty cavity

XX



List of Biological Terms

92.1
D-PBS

EDTA

FBS

Ficoll

Hela

MDA231

OCM

PBS

PC3

RPMI 1640

Trypsin

WBC - Jurkat,
Clone E6-1

Human uveal melanoma cell line
Dulbecco's Phosphate Buffered Saline

Ethylene Diamine Tetraacetic Acid widely used in biological
applications

Fetal Bovine Serum rich of proteins and used in cell culturing
were cells can grow and divide

Synthetic branched co-polymer of sucrose and
epichlorhydrin.The solution has high viscosity and low osmotic
pressure. Often used for preparing density gradients for cell
separations

Oldest and most commonly used human cervical cancer cell line

Breast cancer cells line MDA23 1have been isolated from human
breast cancer patients as continuous culture in University of
Texas, Medicine Department of Anderson Hospital and Tumor
Institute. The cell line is used as in vitro models for breast
cancer cells. The MDA231 line consists of identical cells that
have been multiplied from the same cells

Human uveal melanoma cell line

Phosphate Buffered Saline a buffer solution used in biological
applications

Cell line originally derived from advanced androgen
independent bone metastasis/metastasized prostate cancer

Cells media used to culture cells was developed at Roswell Park
Memorial Institute (RPMI)

Trypsin is a pancreatic serine protease used to detach adherent
cells from the cell culture dish wall during the process of

harvesting cells to re-suspend them in media

Pseudodiploid human cell line and acute T cell leukemia (T
lymphocyte)

XX1i



List of Figures

Figure 1.1: Block diagram of microfluidic cell characterization SYStem .............c..cceeveevveeenveeesieeeseeeseeeseeeae 5
Figure 2.1: Hydro fluidic centering of sample stream. The two input sheath flows push the particle sample
flow and keep the particle vertically focused at the vertical center plane. Reprinted with permission from
Holmes, MOorgan €t Ql. 2006 .............coocueeeeeeeieieiieeieeeee ettt ettt ettt et ettt e 21
Figure 2.2: Dielectrophoresis centering of sample stream. The electrodes are activated with low frequency
voltage to create a negative dielectrophoresis force to repulse the particle flow and confined them at the

center line of the microchannel. Reprinted with permission from Holmes, Morgan et al. 2006................... 21
Figure 2.3: Picture of the glass chip impedance spectroscopy flow cytometer. Reprinted with permission
from Cheung, GAWad €t Q. 2005...........c..coomueeiieiiiet ettt ettt ettt ettt e e eesaee e 26

Figure 2.4: Cross section of the microfluidic channel with the particle passing between electrodes and its
electrical simplified model at the cell detection region. The graph shows the differential impedance versus
the time. Reprinted with permission from Cheung, Gawad et al. 2005 .............cccccoveeeeciieeescereescireeeeirenann, 26
Figure 2.5: 3D (a) and 2D (b) pictures where Hela cell captured at micro pillar is measured for impedance
with impedance spectroscopy system at low frequency. Reprinted with permission from Jang and Wang

2007 ..ottt at e h e h ettt ettt e ht e s at e a ettt e e at e s h e bt et e e e e naeenas 27
Figure 3.1: The effect of uniform and non-uniform electric fields on a cell or particle. Reprinted with
permission from VOIAMQAN 2007 ...........ccc.eeerueesiienieeiiieeee ettt ettt ettt sate et e e sateesbeeeaeeesteaenaeeeans 31

Figure 3.2: The effect of uniform and non-uniform electric fields on a cell or particle. a) When a particle is
more polarized than the media, the particle moves towards the region with high electric-field strength and
this is positive DEP. b) When a particle is less polarized than the media, the particle moves towards the
region with low electric-field strength and this is negative DEP. Reprinted with permission from Doh et al

Figure 3.3: Electric field distortions due to interfacial polarization. Adapted from Kua et al 2005............... 32
Figure 3.4: Different polarization mechanisms of a dielectric particle in a solution. The curve shows the
frequency dependence of the complex permittivity. The complex permittivity is composed by the dielectric

constant €’ and the dielectric loss €”. Reprinted with permission from Demierre 2008 ...............cccccoueen.... 34
Figure 3.5: Real part of CM versus AC frequency of the applied signal for different living cells in a media
with conductivity of 10 mS/m. Reprinted with permission from Alazzam 2011 .............ccceeeveeevvveevveecveennnnn 37

Figure 3.6: Real part of CM versus AC frequency of the applied signal for different models of cells.

Reprinted with permission from DemUEIre 2008 ..............cccueeeeeeueeeesieeeeesiieeeeiiieeeesiisesessiseseesssssesssssssssisssaans
Figure 3.7: Cross section of general CPW CONfigUIGLION...........cccuuveeeueeeeeiiieeeeiireesiieeeesiiaeesitaeeseaeaessseeeens
Figure 3.8: Cross section of StANAArd CPW [INE .............oeeeeueeeeeeiiieeeeeeeseeeestt e esteaessteaeestaaesssaeaessnseeeens
Figure 3.9: Cross section of a CPW line sandwiched between two substrates
Figure 3.10: Cross section of a CPW line sandwiched between two substrates with a gasket layer in

DETWEEIN......ceeeneeeeeeee ettt ettt ettt e e e e ettt e e ettt e ettt e e ettt e e ettt e et e e e et b e e e e bt e e easteeeeaabeeeaas 44
Figure 3.11: ABCD Matrix presentation with the input and output ports of the 2 ports device.................... 45
Figure 3.12: S parameter presentation with the input and output ports of the 2 ports device..................... 47

Figure 3.13: Physical model of a particle between two parallel facing electrodes. The overlapped two
plates are considered as the tips of electrodes where the centered particle will be present and be measured

Ot RE/MICTOWGVE FTEQUEIICIES. .....ocevveuveereeereecieeiteecteeieseeeteesteeeteeteesseeseeessesssesssesseesssasessssasseasesssesaessesssensees 49
Figure 3.14: Model of the two facing electrodes separated by a media (with fringing effect). The picture
shows a cross section of the electrodes with width equaIS tO W...........ccoeoueevevieeieeeiiciiiieie e e e 50
Figure 3.15: Model of the two facing electrodes separated by a media (with fringing effect) with the
presence of the particle. The picture shows a cross section of the electrodes with width equals to W ........ 51
Figure 3.16: The final electrical model of the two facing overlapped electrodes with and without the

Lo L 1 [ -2 53
Figure 3.17: A sketch of a rectangular cavity with the specimen capillary tube introduced at the position of
the maximum electric field (at the center of the cavity). Reprinted with permission from Sheen 2009 ....... 55

Figure 4.1: (a) Schematic diagram showing the experimental arrangement of the electrodes used for
manipulation of cells. Series of electrodes are patterned on the upper and bottom parts of the channel.

xxii



Energizing one pair of electrodes “third from the left” influences the movement of cells toward the
electrodes (positive DEP) or far from the electrodes (negative DEP). (b) 2D schematic diagram showing
the cells displacement under the influence of moving dielectrophoresis. The circles represent cells. In the
first part of figure b, only the third pair of electrodes is actuated while in the second part only the fourth
pair electrodes. Sequential energizing of the electrodes causes the cells to move in the microchannel due to
the dielectrophOretic PRENOMENON ..........ccouuveieeiiieeceeeeeee ettt et e e ste e e ste e e s tteeesstaaesssssesssaseeeens 70
Figure 4.2: lllustration of the geometry of the unit segment and the boundary conditions used in the
analytical solution. The unit segment consists of finite size pair of electrodes of length d/2 with a potential
of V, and -V,. The Gaussian surface used in the solution is shown as dashed line at the upper right part of
the channel. The electrodes are shown with some thickness for better visualization but they are considered
thin compared with the height of the channel .................occcooveeeiiiiniiiiiieeee et 73
Figure 4.3: Schematic diagram includes the upper part of the microchannel showing the energized
electrode and the coordinate system used in the solution to indicate the potential distribution at the upper
JoTe Ta o) il 1ol do Yol o T4 £ T=J 77
Figure 4.4: The variation of the constant 8 as the microchannel height H changes. The constant 8 is used to
describe the potential function at the upper and the bottom parts of the microchannel between the edge
of the electrode and the right end of the unit segment. The value of 8 was calculated up to three
significant digits using Matlab™ based on equation (53) with (m=n= 100 terms) .........cccceeevrvvvesvrvesvrennne. 83
Figure 4.5: Picture taken of the experimental device lies beside a Canadian twenty five cent coin. The Bio
Microchannel is made by blue tape and several electrodes are shown in the picture (DEP, Low frequency
and high frequency electrodes). The inlet and outlet holes can be seen on the top glass .........cc..ccveeveen... 85
Figure 4.6: Comparison of analytical results and numerical simulations for the electric potential (V),

magnitude of electric filed (V/m) and the gradient of V(E.E ) ( Vz/m3). Numerical simulations were

obtained by finite element methods using COMSOL Mu/tiphysicsTM. The contour plots of the same level in
the microchannel are shown for analytical and numerical results respectively. The thick lines at the top and
bottom of the figures represent the electrodes and calculation were carried out using (upper electrode
voltage of 10 Volts, lower electrode voltage of -10V, d=50um, and H=60UM) .............c.cecevvuveesiueeeesireraanns 89

Figure 4.7: The error percentage of the electric potential in the microchannel as the parameter E

changes. The step size in the x and y direction is selected to be % um and the values of d and H were
assumed 20UM aNd 60 UM FESPECLIVEIY .......coeeeeeeiieiee et e et e e e e e ettt a e e e e e s stseraaeeeessissseseaaaeanias 90

Figure 4.8: Analytical and experimental results (a) Vector plot of the magnitude of V (EE ) using the

analytical solution (the electrodes are shown as thick lines); (b-d) Microscopic images showing the
accumulation of red blood cells under positive DEP force with different applied voltages (b) 2 Volts peak
and 1 MHz with round edges electrodes (c) 2 Volts peak, 1 MHz with sharps edges electrodes (d) 10 Volts
peak, 1 MHz. Clustering of the cells correspond to the configuration of the electric field............................ 91
Figure 5.1: The RF electrodes with copper stripes and 3 SMA connectors. The generator is connected to one
of the inputs of the RF apparatus for RF radiation exposure. Uveal melanoma cell lines 92.1 and Fibroblast

in a media are filled in 96 Well PIGLES ...........cocueerieeeieiiieeeeeeeeet ettt ettt et 99
Figure 5.2: The generator is connected to one of the inputs of the RF apparatus for RF radiation exposure.
Uveal melanoma cell lines 92.1 and Fibroblast in a media are filled in 96 well plates .............cccceeeeuvenn.. 100

Figure 5.3. RF radiation proliferation results on 92.1 uveal melanoma cells in a media. F1, F2 and F3
present RF frequency ranges of (1 to 1.6 GHz), (1.7 to 2.3 GHz) and (2.4 to 3 GHz) respectively. The vertical
axis presents the proliferation rate compared to the control 92.1 cells that were not subjected to RF

[o Lo (o 11 oY ¢ H OO PP UO PRSPPI 103
Figure 5.4. RF radiation proliferation results on Fibroblast in a media. F1, F2 and F3 present RF frequency
ranges of (1 to 1.6 GHz), (1.7 to 2.3 GHz) and (2.4 to 3 GHz) respectively. The vertical axis presents the
proliferation rate compared to the control Fibroblast cells that were not subjected to RF radiation......... 103
Figure 5.5. New RF apparatus to inject RF radiation with stronger electrical field. The RF signal can be
injected through the SMA connector. Indium Tin Oxide (ITO) films are evaporated on the two glasses acting
as the conducting electrodes and permitting visual observation under the microscope ................c........... 104

xXXxiil



Figure 5.6. The FEA simulation structure of electrode stripe on middle column of wells of the RF apparatus

..................................................................................................................................................................... 105
Figure 5.7. Return Loss of the input port of the RF apparatus versus the frequency.............ccccceevveeveennn. 106
Figure 5.8: Assembled structure of the microfluidic devViCe...............cccooceeeveeriiiiineiniiieiieeeee e 111
Figure 5.9: Cross section view (a) and side cut view (b) of the entire StruCture ..............ccceevuveevevesvvvesennanns 112

Figure 5.10: Block diagram of thin film process and channel fabrication
Figure 5.11: Patterned screen used for screen printing the silicone rubber creating the microchannel - mask
2 (a) and the sealing riNgs = MASK 3 (D) ......co.ueee oottt e et e e st e e st a e e reeasataaaeenaeas 117
Figure 5.12: Sandwiched fused silica substrates showing the channel and the parallel facing electrodes.118
Figure 5.13: Integrated microfluidic channel with electronic circuits for system control and measurements

Figure 5.14: Focusing principle based on negative dielectrophoresis. Particles injected at the input of the
channel follow the direction of the arrows and they are focused at the center of the channel. The two

different colors on the electrodes represent the applied two electric potentials.............ccccovveevvuvveecnennn. 121
Figure 5.15: Close up picture, through the aluminum blocks’ opening, of the microchannel with the
focusing and MeasUreMeNt EIECLIOUES ..............oueeeuueeeeeeieeeeceee et e et e e ettt e e et e e e st a e e st aaesaeaeestsasaeaaes 122

Figure 5.16: 3D structure electric potential distribution in the channel (a) and electric field distribution at
the mid plane of the channel (b). Applied voltage is 10 and 0 Volts on the opposite electrodes of the
trapezoid electrodes. Applied voltage is 1 and 0 Volt on the stripe electrodes. Scaled values are in Volts for
electric potential and in Volts/meter for electric field.............covuriiroieieeesiesisieeeeteesesese st 124
Figure 5.17: The mid plane distribution of gradient of squared electric field distribution at the focused
interrogation point for perfect alignment of electrodes (a) and with 10um x-direction shifted electrodes
due to the misalignment of the substrates (b). Applied voltage is 10 and 0 Volts on the opposite electrodes
of the trapezoid electrodes. Applied voltage is 1 and 0 Volt on the stripe electrodes. Scaled values are in

VOIS INELEI oot e et e e e et s e et e s s s s et st s et e ses st s s s ee s essseesaseesansaneneens 124
Figure 5.18: Polystyrene beads movement within the center of the microchannel. The polystyrene beads
diameter is 15 um and the flow rate is 0.1 /M c.....cceeueevesieseeieiieeeeeesese sttt sese et eess 128
Figure 5.19: Bulk stream of yeast cells movement under nDEP within the center of the microchannel
between trapezoid and Y electrodes (a and b) and their movement under pDEP (c and d)........................ 129

Figure 5.20: Bulk yeast cells with bubbles formed due electrolysis with high conductivity of the media and
low frequency of the applied voltage on trapezoidal electrodes (a) under nDEP and (b)Y electrodes under

Figure 6.1: The Y axis presents the particle dielectric constant when the mixture effective complex

permittivity is 8eff* =50 —j15 and media complex permittivity is 8m* =70 - 20 for different values of

Vo) [V T T3y e Lot o (o s IO USSP 147
Figure 6.2: The Y axis presents the particle dielectric loss when the mixture effective complex permittivity is
Sejj-* =50 —j15 and media complex permittivity is 8m* =70 —j20 for different values of volume............... 147

Figure 6.3: S-band physical cavity with two real views and a Catia™ drawing. The last picture shows the
magnetic coupling mechanism at the input and output ports of the cavity connected to an SMA high
frequency connector through 0.141 iNCH CADBIE ..........ococueeeeeeeie ettt estae e e s ttea e e seaaaeesraaenaans 151
Figure 6.4: S-band cavity resonant frequency peaks observed on the Agilent 8722ES network analyzer. 9
Peaks are observed for the S-band cavity with 35.6 cm Of [eNGth.............ooeeeuveeeeiiiieecieeeeciee e,
Figure 6.5: Temperature measurement setup on the S-band cavity
Figure 6.6: Complete measurement setup showing the S-band cavity, the capillary tube in the center of the
cavity, the 8722ES network analyzer for insertion loss measurement and the computer for automatic
control of the network analyzer giving automatic output results of the complex permittivity of the

(o] o] oo [ [ole ] M2 Lo 1 1=1q [ AOUUT U UPR 154
Figure 6.7: An example of Labview calibration image (a) and generated measurement image (b) on the
(LU PPNt 157
Figure 6.8: Relative dielectric constant of distilled water, Acetone, Ethanol 99%, Methanol, Glycerol,
Glycerol-distilled water 1:1 and D-PBS at different S-Band frequencies (at temperature of 23°C)............. 159

XX1V



Figure 6.9: Relative dielectric loss of distilled water, Acetone, Ethanol 99%, Methanol, Glycerol, Glycerol-

distilled water 1:1 and D-PBS at different S-Band frequencies (at temperature of 23°C) .......cocuvveveevvnnn. 160
Figure 6.10: Relative dielectric constant of WBC Hela, prostate, breast, uveal melanoma cancer cells with
volume fraction of inclusion equal to 0.7 at different S-Band frequencies (at temperature of 23°C) ......... 162
Figure 6.11: Relative dielectric loss of WBC, Hela, prostate, breast, uveal melanoma cancer cells with
volume fraction of inclusion equal to 0.7 at different S-Band frequencies (at temperature of 23°C) ......... 163
Figure 6.12: Uveal melanoma cancer cell line 92.1 dielectric constant reduction (A€’) after 60 minutes of
test. Results are shown for each discrete Mmode freQUENCY ..........ccccueeeecueeeeeciieeeciiieesiieeesceeeesiaeaeesireeaens 164
Figure 6.13: Uveal melanoma cancer cell line 92.1 dielectric loss reduction (Ac”) after 60 minutes of test.
Results are shown for each discrete Mmode freQUENCY ...........ccccuueeeeeeeieesiiieeecieeeceeeesceeeesstea e steaeesreeeeas 164
Figure 7.1: Cross frequency measurement chip. The chip consist of several planar electrodes permitting the
apPlIcation Of IOW AC SIGNQI .........cooueeniiieieeieeeee ettt ettt e et e st eeaee e 172
Figure 7.2: High frequency signal detector circuit containing the RF/Microwave detector, the filtering and
AMPLIfICATION COMPONEGNLS .......ooveeeeeeeeeee e ee e ettt e e et e e et e e ettt e e st e e eatbeaeessssaeesssasasasssseessssaessssenanas 175
Figure 7.3: Simple measurement set-up for high frequency detection of cells..............cccouevvvvveeevvivveesirennnn. 176
Figure 7.4: A picture of the detector circuit with the Schottky diode detector at the left and the amplifier

Lol (oY e [ L= 4 1o (1 SO SR N 176

Figure 7.5: A top view picture of the microchannel and the electrodes of first device for single cell
characterization. The height of the channel is 50 um and all electrodes widths and gaps are 50 um........ 179
Figure 7.6: The substrate of the second device (ABTECH Scientific, Inc.) fabricated for a height of 40 um

and line Widths ANd gaPS Of 15 UM ...co..ueeeieinieieeeeeeeee ettt sttt et sttt e et saee e 180
Figure 7.7: A picture of the second device with the 2 SMA high frequency connectors ...............ccc..cuu..... 181
Figure 7.8: Different CPW line segments in the microdevice. The 4 segments on the left of the center
overlap section are repeated 0N the FIGAT ..............ccccuvieeccieeeeeie et et e et ettte e e s cae e e s sttaaeessraeessaaaens 182
Figure 7.9: Analytical results of the return loss of the RF/Microwave path consisting of CPW lines and with
or without a particle between the parallel facing electrodes................cccoeveeeveeeveensieeseieiieeseeeseeeeeee 183
Figure 7.10: Analytical results of the insertion loss of the RF/Microwave path consisting of CPW lines and
with or without a particle between the parallel facing electrodes................ccccovveevcivencieesciiencieesieenieenaee. 184
Figure 7.11: A picture with two different angles (in HFWorks) of a particle between two facing electrodes.
The particle is assumed spherical. The overlapped electrodes are at the tips ..........ccccovvvveeeeeeeeviivvvenanaann, 185
Figure 7.12: Simulation results of the insertion loss and the return loss of the RF/Microwave path with the
particle between the overlapped parallel facing €lectrodes .............ooccuveeeeveveeeiiieesiiieeeecieeesiieeeeciea e 186
Figure 7.13: Simulation results of the insertion losses of the RF/Microwave path with and without the
particle between the overlapped parallel facing electrodes ..............cccuveeeeceeeesiieeeeiiieeeecieeescieeeecieaenans 187
Figure 7.14: The total impedance of overlapped parallel facing electrodes with (Z1) and without (Z2) the
92.1 cell. The cell is SUSPENEd iN GIYCEIOI ........cccooeeeeeeeieeeeeeee ettt ec et a e e e s st e e e e e s sssareaaas 190
Figure 7.15: The difference of the total impedance with and without the 92.1 cell (Glycerol) ................... 190
Figure 7.16: The insertion loss of overlapped parallel facing electrodes with and without the 92.1 cell. The
Cell iS SUSPENAEA N GIYCOION ........cooeveeeeeeee ettt e ettt e e e e e ettt e e e e e s s ttaaaeaaeeessstsaneaaeeeaias 191
Figure 7.17: The difference of the insertion loss with and without the 92.1 cell (Glycerol) ........................ 191
Figure 7.18: Another view of the difference of the insertion loss with and without the 92.1 cell (Glycerol)
..................................................................................................................................................................... 192
Figure 7.19: The total impedance of overlapped parallel facing electrodes with (Z1) and without (Z2) the
92.1 cell. The cell is suspended in SUCIOSE/AEXEIOSE ............ccveevveeeieeeireeeieeeireeeieeeiseeeiseeeireeeeseeeiseseesseeisees 193

Figure 7.20: The difference of the total impedance with and without the 92.1 cell (sucrose/dextrose).....193
Figure 7.21: The insertion loss of overlapped parallel facing electrodes with and without the 92.1 cell. The

cell is SuUSPENded iN SUCIOSE/UCXLIOSE ............ccveeceeeceeeceeesteeeeteeesteeestee et teeeeseesstsaessssesssseasssesssseasesesssssesssens 194
Figure 7.22: The difference of the insertion loss with and without the 92.1 cell (sucrose/dextrose).......... 194
Figure 7.23: Another view of the difference of the insertion loss with and without the 92.1 cell
Vol XY=y e L= (1 g Y =3 P 195
Figure 7.24: The total impedance of overlapped parallel facing electrodes with (Z1) and without (Z2) the
WBC. The cell is SUSPENAEd iN GIYCEIOL............occeeeeeeeeeeeee ettt e e ettt e e e e e e s a e e e e ssssararanaaas 196
Figure 7.25: The difference of the total impedance with and without the WBC (Glycerol)......................... 196

XXV



Figure 7.26: The insertion loss of overlapped parallel facing electrodes with and without the WBC. The cell
Y Ky ol Lo L=te I G Y ol=] e ) S 197
Figure 7.27: The difference of the insertion loss with and without the OCM (Glycerol)..............c.cccccceu.... 197
Figure 7.28: Another view of the difference of the insertion loss with and without the WBC (Glycerol) ....198
Figure 7.29: The total impedance of overlapped parallel facing electrodes with (Z1) and without (Z2) the

WBC. The cell is suspended in SUCIOSE/AEXLIOSE ...........cccveererereeiesiesiesesiesie st eteeee e siestesie st st eseseenses 199
Figure 7.30: The difference of the total impedance with and without the WBC (sucrose/dextrose) .......... 199
Figure 7.31: The insertion loss of overlapped parallel facing electrodes with and without the WBC. The cell
IS SUSPENACA N SUCIOSE/UAEXEIOSE ......vvecvveeieceeeieseeete e se e ettt s e et e st e e teesetseeseeasseeseesssaeaseseassassenn 200
Figure 7.32: The difference of the insertion loss with and without the OCM (sucrose/dextrose) ............... 200
Figure 7.33: Another view of the difference of the insertion loss with and without the WBC

(el (Y=Y e [=3 1 g XY= DRSSPSRt 201
Figure 7.34: The complete RF/Microwave measurement set-up for the first device.............cc.ccecvvevevenenns. 204
Figure 7.35: The complete RF/Microwave measurement set-up for the second device.............c.ccuveeuu.n. 205

Figure 7.36: pDEP is observed on Bulk WBCs — Jurkat, Clone E6-1 attracted by the 2 types of focusing
electrodes (Y shape and trapezoidal shape) within the microchannel. AC signal frequency is 1 MHz with

amplitude Of 20 VOItS PEAK 10 PEAK..........cccueeeeeeieeeeeee et ete ettt e ettt a e sttt e e e ttaa e es e e e sstssaeessssasessssnaaas 206
Figure 7.37: With a frequency of 10 KHz the WBCs — Jurkat, Clone E6-1 are still under pDEP but a bubble
start to get built between trapezoidal e1eCtrOdes .............oocvieveeriieeeieieiiieeeeeeeee e 207

Figure 7.38: When the signal of the generator is OFF, WBCs — Jurkat, Clone E6-1 follow the flow of the
media and the effect of pDEP is slowly vanishing. The 2 pictures show the evolution of the vanishing effect

..................................................................................................................................................................... 207
Figure 7.39: pDEP is observed on uveal melanoma 92.1 cells attracted by the focusing electrodes within the
microchannel. AC signal frequency is 1 MHz with amplitude of 20 Volts peak to peak...............c.ouc.u...... 208

Figure 7.40: nDEP is observed on uveal melanoma 92.1 cells repulsed from the focusing electrodes and
centered within the microchannel. AC signal frequency is 50 KHZ with amplitude of 20 Volts peak to peak.
In the four pictures the movement of the 92.1 cell at the center is observed. As seen in these pictures, when
the particle gets close to the center of the channel with a smaller electrodes gap, the velocity of the
particle is higher and the clarity of the picture of the particle is reduced due to this higher speed effect..209
Figure 7.41: pDEP is observed on uveal melanoma OCM cells attracted by the focusing electrodes within
the microchannel. AC signal frequency is 1 MHz with amplitude of 20 Volts peak to pedk....................... 210
Figure 7.42: nDEP is observed on uveal melanoma OCM cells repulsed from the focusing electrodes and
centered within the microchannel. AC signal frequency is 10 KHZ with amplitude of 20 Volts peak to peak

..................................................................................................................................................................... 210
Figure 7.43: Insertion loss of the channel response filled with @ir (1 t0 12 GHZ)........ccceeevuveevreeveeeivreennans 212
Figure 7.44: Insertion loss of the channel response filled with Glycerol (1 to 12 GHz) ..........ccccevvuvveecuvennn. 212
Figure 7.45: Insertion loss of the channel response filled with suspended 92.1 cell (1 to 12 GHz).............. 213
Figure 7.46: Insertion loss of the channel response filled with suspended WBC (1 to 12 GHz) ................... 213
Figure 7.47: Return loss of the channel response filled with air (1 t0 12 GHZ) ........cvveeeuveeeecveeeeiveeecrennnn. 214
Figure 7.48: Return loss of the channel response filled with Glycerol (1 to 12 GHZ) .......ccccccvuveeveeecrvveernnns 214
Figure 7.49: Return loss of the channel response filled with suspended 92.1 cell (1 to 12 GHz)................. 215
Figure 7.50: Insertion loss of the channel response filled with air (2 t0 4.5 GHZ)......cccveovvevevcveseeseeseeienns 215
Figure 7.51: Insertion loss of the channel response filled with Glycerol (2 to 4.5 GHZ) ...........ccccevuvveecuveen.. 216
Figure 7.52: Insertion loss of the channel response filled with suspended 92.1 cell (2 to 4.5 GHz)............. 216
Figure 7.53: Insertion loss of the channel response filled with suspended WBC (2 to 4.5 GHz) .................. 217
Figure 7.54: Return loss of the channel response filled with air (2 to 4.5 GHZ) ........ooeeeveeeeeecveeeeivaaecennn. 217
Figure 7.55: Return loss of the channel response filled with Glycerol (2 to 4.5 GHz) .......cccccvvveecvvveecnren. 218
Figure 7.56: Return loss of the channel response filled with suspended 92.1 cell (2 to 4.5 GHz)................ 218
Figure 7.57: The metallic enclosure for noise reduction over the first device (a) and the second device (b)

..................................................................................................................................................................... 219
Figure 7.58: Insertion loss difference between media and 92.1 (2 t0 4.5 GHZ) ........cooecveeeeeecvveeesraaeerennn. 221
Figure 7.59: Insertion loss difference between media and OCM (2 t0 4.5 GHZ) ........ccccoueeeeevveeesiraeecrennn. 221

XXVi



List of Tables

Table 1: The geometrical dimensions of the S baNd COVItY...........coccuueeeecveeeeeiiieeeiieeeeceeeeectee e caeaeesreeaen 150
Table 2: The TE oy mode frequencies in the S BAN CAVILY...........oueeevueeeeeciieeeeiiieeeiieeeesiteeeeseeeaeecaeaeesreeaea 150
Table 3: The cross frequency of different living cells with different media conductivities. The measurement
error for cross frequency is less than 5 % for all living cells and conductivities used during measurement.
The max AC signal frequency of the generator is 60 MHz..............ocueevuienieesiiienieesiiesieeseese et 173

XXVil



Chapter 1: Research Introduction
1.1 Introduction

In the recent years, the aging of the population associated with the increase
demand of higher quality of life at old age has set a significant demand for higher quality
medical care associated with faster and more accurate and minimal invasive assays [9].
The demand is more significant for systems that could provide early prediction of
debilitating medical conditions. Most of the assays used blood, urine, saliva, tissue cells
and tissues to detect and screen important clues associated with the medical condition.
The outcome of these assays was reflected in the medical data which further emerged in
better treatments, more effective drugs. The advancements in the early detection of
specific medical conditions are further required to understand or early prevent diseases.
Most of the present assays require high qualified personnel to prepare, analyze and
perform the interpretation of the results as well as sophisticated and expensive equipment

and long period of analysis time.

The emergence of new technologies such as MEMS (Micro Electro Mechanical
Systems) in association with microfluidics and Lab-on-a-chip concept brings new type of
available tools with the possibility to perform efficient tests and assays with very little
help of the human operator and at relatively low associated costs. The introduction of Bio
MEMS technology [10-12] and the good review documented by [13] created a synergy
between the medical and engineering researchers. The ultimate objective was to

reproduce the same laboratory biological assays with miniaturized Bio MEMS devices



associated to acceptable specific and sensitive results. Initial investigations have proved
that Bio MEMS will be able to enrich the preventive capability of the laboratory assays
through functions that yield more accurate diagnostics, earlier captive or better
prognostics of medical conditions. With the commercially successful micro devices, the
future of medical systems would be beneficial to the healthcare system as long as the

detection and screening is accurate, safe and performed at low cost [14].

As above mentioned, the design of new components and devices using Bio
MEMS needs the collaborative and close working environment between research
engineers and medical researchers. Engineers bring the design expertise of MEMS
components (microfluidics and lab-on-a-chip) while medical researchers contribute in
identification and validation of the procedures and medical needs for implementation.
This team working environment creates a multidisciplinary approach creating a team
synergy for innovation of new components and tools. As a final product, it is desired by
all parties to achieve commercially successful, reliable detection and screening

noninvasive tools with low cost and minimum external manipulation.

1.2 Definition of the problem

With the increase capability of diagnosing cancer patients, the development of a
miniaturized Point Of Care (POC) equipment or devices is desired to detect and screen
free Circulating Tumor Cells (CTC) in the blood. It has been demonstrated the presence
of CTCs in the blood of patients having uveal melanoma (UM) before and after cancer
treatment [15]. The early detection of cancer malignant circulating cells permits the

prevention of the disease with early predetermined therapies. In fact, it is highly desired



to detect, characterize and identify cancer cells from a very small blood specimen at the
physician office. This information would help the physician to take rapid and preventive
action with his or her patient to avoid further progress of the condition which is
associated with serious hardship and huge cost. Cells’ sensitive and specific detection
system requires a simple operation, low cost and maintenance free equipment.
Microfluidic devices with incorporated sensitive and accurate detection mechanisms
would probably be the appropriate technology and devices to satisfy such needs.
Although several authors published different micro systems and micro flow cytometers
for detection and sorting cancer cells [12, 16-23], the specific research area about cancer
cell detection is in its early phase requiring more effort and focusing on finding new
tools, new techniques and new devices for practical applications . Cancer cell detection
tests must yield accurate results without false negative or false positive occurrences.
According to the National Institute of Health (NIH), false negative test result indicates
that a person does not have a disease when the person actually does have it. False positive
test result indicates that a person has a specific disease when the person actually does not
have it. The reason behind an inaccurate result and the rate at which they happen depend
on the test type and the protocol used to double-check test results. Therefore, different
tests are used to confirm the exact test results minimizing the false negative and false

positive occurrences.

1.3 Objectives of the research

The main objective of this research is to investigate the feasibility of a new

approach or a measurement technique and a procedure to detect/count, characterize/



identify specific cells/cancer cells through non-chemical destructive assays. The
detection, counting, characterization and identification could require the automatic
manipulation of single cell in vitro using microfluidic devices. Although the overall
research requires cell separation, detection/counting, characterization and identification,
the major contribution of this research emphasizes on the characterization and
identification of cancer malignant cells in flowing media or stream. With the Bio MEMS
technology, the measurement device will contain microfluidic channel to circulate the
sample stream at the convenient flow rate. Therefore the transport mechanism occurs in a
microfluidic channel such that cells are surrounded by media. Several characterization
and identification techniques with micro devices are investigated by other authors
(optical, impedance, capacitance and others) while this thesis presents a technique based
on RF/Microwave characterization and identification of cancer circulating malignant
cells. Certain type of cells yield a specific absorption signature associated with their cell
properties and condition. The block diagram of the microdevice architecture is given at

Figure 1.1. Only actions identified by shading are part of this research investigation.



MICROFLUIDIC SYSTEM BLOCK DIAGRAM

BLOOD SAMPLE CONSTITUTION

*Removal of some white blood cells

*Red blood cells (RBC)
* White blood cells (WBC)
*Stem cells
«Circulating malignant cells {CMC)
*Other cells

OFF LINE CELL CHARACTERIZATION
*Determination of high frequency
measurement power and frequency
* Cell complex permittivity measurement
{Cavity perturbation method)
*Cell high frequency modeling
* Analytical high frequency cell modeling
at different locations in the channel

SEPARATION/SORTING
*Removal of red blood cells

CMC In-vitro

CELL CENTERING
N THE FABRICATED MICRO CHANNEL SIGNATURE
*Negative DEP for CMC and WBC *Comparison of cells from
(Determination of AC low frequency) one type to another
{Cancer with WBC)
*Cell counting

ON LINE CELL CHARACTERIZATION measurement
* Measurement with high frequency
of the insertion loss at different time
depending on locations in the channel
«Cell detection/counting measurement

* Comparison of cells with
the analytical cell model
{Phase 2 of the research)

Figure 1.1: Block diagram of microfluidic cell characterization system

1.4 Originality of the thesis

CELL IDENTIFICATION
«Cell identification from
one type to another

CELL SORTING/ANALYSIS
*Cells sorting
¢ Cell property analysis

Several researchers investigated, designed, fabricated and tested microfluidic

devices to detect and analyze cancer and other type of cells [4, 24-26]. Most common

devices designed by researchers in single cell analysis are microfluidic cytometers using

optical and impedance detections to analyze the cells. Low frequency microfluidic

detection methods could face measurement interference and large variability due to some

low frequency effects such as ionic conduction, electrode polarization, interfacial

polarization, high potential gradient at cell membranes/walls. Moreover at these

frequencies it is quite difficult to discriminate between different types and sizes of bio



particles and internal cell structures of the same type since the properties of individual
cell is masked by population variance (size, shape and dielectric properties or
composition) [27-29]. Optical microfluidic detection methods, with very short
wavelength, require fluorescent tags and a complicated sample preparation. At these

photonic frequencies [30]:

e Scattering related to the size of particles is in the Mei scattering region (particle is
about the same size as the light wavelength)

e Cell configuration yields resonant scattering

e Measurement is in scalar nature rather than vector nature

e Frequency dependent dielectric properties are in the resonance form.

With microwave frequencies, the interferences and variability are avoided, sample
preparation is simple and physiological insight dielectric characteristic is improved by

vector analysis since the scattering is relaxation type and not resonant.

To the knowledge of the candidate and to this date, no researchers or institutions
use the RF/Microwave insertion loss measurement technique to detect, characterize and
identify cancer cells in a miniaturized microfluidic system. RF/Microwave detection
using low power electromagnetic signals (without heating) is an original way to identify
the cells due to its simplicity, low manufacturing cost, and ease of sample preparation
(fluorescent labeling is not needed as for flow cytometry). This method of
characterization and identification based on the cell absorption measurement (amplitude
and phase) is selective, specific and sensitive. Moreover, the drawback of optical
detection is the difficulty of integrating optical sources and detectors at miniaturized and

commercial level compared to microwave sources and detectors. With the advanced
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techniques of Microwave Monolithic Integrated Circuits (MMIC) the complete
RF/Microwave characterization and identification system can be made simple, accurate

and cost effective.

1.5 Contribution

Out of general objectives, the main research objectives require the fabrication of a
device to manipulate and measure suspended particles with the desired goals
predetermined within this work. Therefore, microfluidic devices were fabricated and
completed, where different electrodes were designed within the micro devices. The
device with its parallel facing electrodes (of different shapes) is wused for
Dielectrophoretic manipulation and for high frequency detection/identification of
particles. The overall contribution is the attempt to use a technology to separate cells and
to differentiate them using signature to RF/Microwave signal. Several considerations
were taken into account during the fabrication: the use of biocompatible material, the
hermeticity of the microchannel, and the cleaning and sterilizing simplicity of the
microfluidic device. The mass production is also considered for future commercial
considerations. This microdevice was capable to do on line measurements by centering
the bio particles at the middle of the microchannel, detecting, counting and differentiating
among particles using RF/Microwave frequencies. For Dielectrophoretic manipulation a
low frequency signal is applied to some electrodes. For controlled manipulation of cells,
the proper AC signal frequency was determined for each type of cancer cells and white

blood cells. This is called the cross frequency.



A measurement methodology is also considered for high frequency identification
of bio particles. The success of this method relies on the determination of the appropriate

microwave off line measurement power and frequency bandwidth.

With a special fabricated set-up, uveal melanoma (line 92.1) and fibroblast cells
were exposed to RF signal at different power levels and the proliferation of cells were
observed. This experiment evaluated the effect of RF frequency range and power level on

cells.

Another significant contribution is made by off line dielectric characterization of
cancer and white blood cells. Different RF and Microwave cavities were fabricated and
resonant cavity perturbation method was used to measure and characterize the complex
permittivity of different cancer and white blood cells. The measurements were carried out
automatically using a software program developed for monitoring at high frequencies the
dielectric constant and dielectric loss with time. This information was never published by

other authors.

1.6 Manuscripts in the thesis

This thesis is a comprehensive summary of several papers presented in
conferences and in scientific journals. License agreements between the author and the
editors or authors to use figures in the thesis are found in Appendix A. The summary and
the description of all these articles are presented in the Appendix B at the end of the

thesis.



1.7 Microdevice system requirements, research methodology, plan
and implementation summary

1.7.1 Introduction

The objective of this research can be achieved with the help of several resources
and capabilities. The resources and equipment are mainly hardware material (micro
devices and measurement equipment), software packages for finite element analysis and
specific developed software for automatic testing. Moreover, these requirements will
determine the methodology and detailed plan for the execution of the needed tasks in this

research.

1.7.2 Micro devices

Micro devices are usually designed using the overall system requirements. Based
on the technology, the microdevice is intended to be fabricated. Out of these
requirements and the existing technology, several questions are raised initiating
appropriate planning for the design of micro devices and measurements of single cell.

Some of these questions are the following:

e For single cell measurement and characterization at RF/Microwave frequencies,
what will be the RF frequencies and power level without affecting the cells, and
getting the maximum sensitivity and specificity?

e For single cell characterization measurement, how would the cells enter into the
microfluidic channel, how they will be centered at the interrogation point, how

they will be counted, and finally how they will be characterized on line?



e For comparison between on line experimental results and theoretical model, what
are the specific cell features or parameters making possible the validation of
RF/Microwave theoretical model versus measurement results? This will enable

cell dielectric property determination.

1.7.2.1 Device for RF/Microwave frequency and power level

determination

RF/Microwave effect on cancer cells is investigated by injecting high frequency
energy on cells through a high frequency radiation system. During radiation
measurements, defined power levels and frequency ranges are used and, for cell
survivability, they are kept in media solution for less than two hours. After radiation
cycles, proliferation results enabled the estimation of the appropriate high frequency
power level and frequency range necessary for single cell characterization without cell

damage. The device fabrication details and measurements results are given in chapter 6.

1.7.2.2 Device for cell dielectric property determination (off line

characterization)

High frequency single cell characterization measurement can be validated when
compared with the microdevice model containing the single cell. This is achieved by
single cell model estimation and microdevice modeling at high frequencies. First single
cell model is obtained by measuring its dielectric properties, then analytical solution and
finite element analysis yields the microdevice model. For cell modeling, resonant

rectangular cavity high precision perturbation method is used to determine and estimate
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single cell’s complex permittivity from 2 to 4.3 GHz. The microdevice is also modeled
using high frequency analytical equations and finite element analysis (FEA) simulation.
With this single cell estimated model and associated microdevice model for the
transmission lines, the measurement results are compared for validation. The details of
the microdevice model are found in chapter 3 and cavity perturbation device fabrication

and measurement details are given in chapter 6.

1.7.2.3 Device for cell centering, detection and characterization (on

line characterization)

For single cell characterization measurement of biological cells suspended in a
media, a microfluidic device is designed and fabricated. The requirements for the device

capabilities are:

e Centering cells one by one at the center of the microchannel with
DiElectroPhoresis (DEP) electrodes (for negative DEP force creation)
e Detecting/counting cells with low and high frequency electrodes
e Characterizing the cell at the interrogation point with high frequency electrodes
(for insertion loss measurement).
All these electrodes need to be built as bio compatible for cells in suspension (gold or
platinum electrodes). Moreover, the microchannel should be designed for easy cleaning
sterilization and hermetic properties. Several parameters can affect the DEP force for cell
centering and they are:
e The shapes and configurations of the DEP electrodes

e The microchannel height

11



e The initial position and the speed of the cells within the channel
e The electrical voltage applied on the electrodes
e The low frequency dielectric properties of the cell and the suspension media

e The cell or particles size or diameter.

With DEP force, several other forces are also present in the microfluidic channel
and contribute to the overall applied forces on cells or particles. They are drag, buoyancy,

and gravitational.

The parallel facing RF/Microwave electrodes are designed for minimum gap and
minimum stray capacitance with the available fabrication process capabilities. Electronic
circuit surrounds also the microchannel to inject DEP voltage inputs, detection
input/output and RF input/output connectors. The circuitry can be a major source of

measurement noise.

It is important to note at this point that off line measurement provides the complex
permittivity estimation of each cell type and on line measurement detects and identifies

single cell one by one within the microfluidic channel. This topic is covered in chapter 7.

1.7.2.4 Device for RF cell detection

A device made of high frequency detector with filtering is used to detect the
passage of cells under the RF/Microwave electrodes through an oscilloscope. The low
frequency signal is amplified with a low frequency amplifier and the signal is detected
with an oscilloscope. The detection can be used to count the cells passing through the

microchannel. This device description and measurement details are given in chapter 7.
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1.8 Chapter summary and thesis layout

In this chapter, the problem definition is described emphasizing the need of Point
of Care system to detect the presence of Circulating Tumor Cells (CTC). The objectives
of the research are also presented where new approach is investigated for in vitro cancer
cell’s detection and identification with microfluidic devices through non chemical assays.
The originality of the thesis relies on microwave frequency measurements on single
living cell with the help of parallel facing electrodes within a microfluidic channel. The

main contributions of this thesis are:

e Analytical modeling of dielectrophoretic force in a microfluidic channel with
parallel facing electrodes

e RF/Microwave devices fabrication and measurement completion for frequency
and power level determination on uveal melanoma cells

e Microchannel devices fabrication with all electrodes needed for cell manipulation
and characterization at low and high frequency measurements.

e RF/Microwave dielectric property measurement device fabrication and different
cancer cell dielectric constant and dielectric loss characterization.

e RF/Microwave Cell detection/counting device fabrication. Cells are detected and
counted at high frequencies

e Single cell characterization and identification of cancer cells and WBC.

Differentiating of normal WBCs from cancer cells

The answers to the questions addressed in this chapter initiate the literature review

and the state of art followed by the theoretical understanding needs to the related

13



subjects. Chapter 2 presents the literature review and the state of the art for single cell
centering, detection and characterization. Chapter 3 exposes the theoretical subjects
needed for the completion of this project. The theory and the principle of
Dielectrophoresis are given; the description of RF transmission line is given along with
the analysis of cascaded stages followed by modeling the single cell between two parallel
facing electrodes. Chapter 4 exposes the analytical analysis of dielectrophoretic force in a
microchannel using Fourier series. Chapter 5 describes the fabrication of micro devices
for ‘On line’ cell characterization and evaluation of the power and frequency applied
during RF measurement. Chapter 6 provides all the details related to RF cavity
fabrication and measurements technique for the determination of the dielectric properties
(‘off line” measurement of different living cells. Finally chapter 7 presents measurement
details for cross frequency determination of different living cells, RF cell detection and
counting and ‘on line’ single cell characterization and identification using microchannel

device. The conclusions and the future works are found in chapter 8.
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Chapter 2: Literature Review and State of the Art
2.1 Introduction:

Recently, a new approach in the assessment of certain medical conditions is
generally performed in vitro by medical assays on living cells. Specific substances are
added to the extracted blood of the patient to avoid clothing and clustering of cells. The

extracted blood specimen passes through different type of separation process.

The separation of cells is needed since blood is a mix of plasma and many other
biological cells such as Red Blood Cells (RBC), White Blood Cells (WBC), platelets,

Stem Cells and many others.
Four major methods for living cells separation are used:
e Centrifugation
e Micro-filtration
e Magnetophoresis
¢ Dielectrophoresis

Once cells are separated, they can be further manipulated for characterization and
identification. The manipulation methods are mainly based on immunocytochemical and

biomedical microarrays.

Classical centrifugation process separates the blood into layers of different type

depending on their mass density. Markers are added to cells for counting and examining
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for specific properties through medical bio-assays and cytometry. For example

immunocytochemical method based on monoclonal antibodies is used to detect CTCs.

Another immunocytochemical method is the flow cytometry, where single cell
stream flows at high speed in front of a laser beam and several optical detectors. The
measurement is based on the interaction between single cell and the laser light beam
through scattering of light and attached fluorescent probes. Thousands of cells can be
analyzed every second by flow cytometer and this technique is sensitive to detect some
type of cells. Up to 20 different types of cells can be detected with different optical

markers according to cells properties [31].

The flow cytometry compared to Real Time Polymerase Chain Reaction
(RT-PCR) is not able to confirm the tumor cells, and this makes the rejection of false
positives quite difficult. Nevertheless, this technique has the advantage to enable further
characterization at molecular level an action that cannot be carried out with RT-PCR
where cells are destroyed for mRNA (messenger Ribo Nucleic Acid) extraction.
Moreover, the efficient use of cytometry technique requires en enrichment technique to
remove the unwanted cells from CTCs. Inmunomagnetic enrichment technique is one of
them. In this technique, magnetic beads are linked to antibodies with some affinity to
CTCs. Then a powerful magnet is used to separate these specific cells. This technique is
used by Veridex in the cell search systems [32]. Filtering enrichment is also used where
small cells like leukocytes and erythrocytes pass through the filter leaving behind bigger

malignant cells [33].

In microsystems, another separation technique uses Dielectrophoresis method to

group cells of same type. During this type of separation care is required to avoid any high
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electric field that might generate heat and damage cells. In a microfluidic channel the
drag force increases with the square of velocity, therefore separation and centering cells
in micro-channels are usually performed at low flow speed to obtain high separation

accuracy.

The recent progress in micro device fabrication made possible the integration of
different complex function within the device such as Lab-on-a-chip micro devices [34]
[18, 28, 35-46]. With the advances in cell separation methods, the need of single cell
detection, characterization and identification become the new interest in the bio medical

arca.

As of today, several techniques with very sophisticated and costly equipment
were used to detect, trap, count, analyze, manipulate, sort, characterize and identify
specific cells. Flow cytometer, Coulter counter and other biological technique such as
Polymerase Chain Reaction (PCR) assays [47-49] are some of these techniques and
assays commercially used. Flow cytometry which is based on optical-fluorescence
detection is used to detect and count cells. It can also sort the cells at very high
throughput at rates from 25 000 to 60 000 cells/second, and this within cell populations of
relatively large size or big quantity of blood samples from 10 to 100 ml obtained from
patients [50]. Several well established flow cytometer techniques are documented by
several authors within the scientific community [51-60]. Good reviews as general

reference about flow cytometry are found in [61-63].

Electrical measurement permits also rapid screening and counting (Coulter
counting) providing an ideal format for rapid screening of a cell population with single

cell resolution [36, 64-71].
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In the last decade, several researchers and companies started looking at
miniaturized technologies (Bio MEMS) for biological cell manipulation, analysis and
cancer detection and characterization [4, 23, 24, 72-76]. Most of them use micro flow
cytometers with optical detection methods, Coulter counters with microfluidic
technology, impedance or capacitance measurement technique, magnetic and beads

detection measurements and electromagnetic and spectrometry measurements.

For micro flow cytometer, tests were performed to observe the effects of Raman
scattering on cells flowing into micro channels [77]. A silicon based V-groove
microchannel with laser source and laser detection outside the microfluidic base material
was patented [3, 78, 79]. The unit collects the small angle scattered light by a small angle
photo detector. Large angle scattered and fluorescent lights are collected by a larger
photo detector [80]. Veal and al presented a review on the developments in
instrumentation and biological reagents for microbiological applications using cell
fluorescent staining and flow cytometry for monitoring microbial cells [53]. Several other
authors [4, 6, 12, 67, 78, 81-83] presented novel way of flow cytometry designs and

operations of Fluorescence Activated Cell Sorters (FACS).

Coulter counters with microfluidic technology were investigated by several
authors to count and detect cells [5, 65, 84, 85]. Electric based analysis of cells on a
microfluidic platform was quantified and monitored in static and moving solutions [86].
The size and properties of cells are evaluated in real time by measuring the resistance

change in a confined region.

Impedance or capacitance measurement techniques were used for

immunodetection [87], and microbiological particles and cells detection and counting
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[8, 37, 38, 68, 86, 88-90]. The principle is based on measuring the impedance through an

AC signal to obtain the dielectric properties of the single cell.

Magnetic and beads detection measurements are used with magnetophoresis and
electromagnetophoresis principles for micro separation of particles [91-93]. Magnetic

field is used to induce the controlled migration of cells.

Electromagnetic and spectrometry measurements were suggested as a general

microwave flow cytometry [94, 95].

From the problem description and the objective of the present research and after
introducing the suspended particle in the injection zone of microfluidic device, the device
needs to focus or center the cells at a detection/characterization location, detect/count the
cells, characterize and identify the cells one by one for further validation steps. Therefore

as first consideration, all these subjects are investigated through a literature review.

2.2 Cell centering at the interrogation point

After the cells in media fed in the microfluidic device, the centering of cells
enables the isolation and sequencing of each individual cell at the interrogation point for
detection purposes and forces all cells to travel at the same velocity ensuring good
detection. The passage of the cells requires the same transit pathway [96]. Without
narrowing the microfluidic channel centering of cells avoids cells clogging in the narrow
channels reducing the incidence of noisy and faulty results. The quality of centering is

important in the good cell detection.

In what it follows, three major techniques for cell centering used by other

researchers are summarized and elaborated description for each technique is given:
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e Hydrodynamic centering
e Dielectrophoresis centering

e FElectrokinetic centering

Different techniques and solutions are proposed in the literature for cell centering

in microfluidic devices.

Hydrodynamic centering uses the laminar flow in micro channels. Thus, a sample
flow containing the cell suspension is surrounded by a sheath. The sheath stream forces
the cells specimen flow to get streamed in the middle of the channel and ensuring a flow
of cells passing one by one through the center. The effect of the device geometry on the
hydrodynamic centering of the cells flow is analyzed and the channel dimensions are
assessed to achieve accurate hydrodynamic centering [97]. Several authors investigated
different techniques using sample stream confined with sheath solutions at different flow
rates to ensure an efficient hydrodynamic centering [13, 98-101]. Figure 2.1 shows the

two input sheath flow and the vertical centering of the sample stream [73].

Dielectrophoretic manipulation and centering of particles under negative
dielectrophoresis (nDEP) uses the principle of differential change distribution on an
electrical neutral charge by applying an AC harmonic signal on the two electrodes of
different geometries (trapezoidal, arc form, etc.) surrounding a two-phase solution with
the proper frequency and amplitude [35, 102-111]. Figure 2.2 shows the particles stream
vertical/horizontal centered and confined particles between dielectrophoresis electrodes
[73]. The AC signal with appropriate shape of electrodes creates a non-uniform electric

field and the uncharged particles are moved under polarization effect.
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vertical focussing of sample
stream containing particles

particle sample flow

sheath flow

Figure 2.1: Hydro fluidic centering of sample stream. The two input sheath flows push the
particle sample flow and keep the particle vertically focused at the vertical center plane.
Reprinted with permission from Holmes, Morgan et al. 2006 [73]

article sample flow

electrodes

vertical and horizontal focussing
and confinement of particles

Figure 2.2: Dielectrophoresis centering of sample stream. The electrodes are activated with
low frequency voltage to create a negative dielectrophoresis force to repulse the particle
flow and confined them at the center line of the microchannel. Reprinted with permission
from Holmes, Morgan et al. 2006 [73]

Electrokinetic centering uses high voltage or electrical fields to position the
sample stream. This high voltage platform has the disadvantage to possibly affect the

physiological property of the cells and also create noise in the measurements.
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Electrokinetic focusing uses the electrokinetic transport to confine spatially both fluids

and ions [20, 112].

Acoustic centering of flow cells is achieved with a piezo ceramic material
modulated at the external surface of a glass capillary tube. Under this approach, the

sheathless centering makes the assay cost significantly lower and simplifies the overall

setup [110].

A detailed review about micro flow cytometry and specifically about the particle

centering can be found in [13].

2.3 Cell detection and counting

Some of electrical type research measurement techniques for cell detection and

counting are summarized in what follows:

e Impedance change measurement
e Conductivity change measurement
e Resistance change measurement

e (Capacitance change measurement

Sensing/detecting information can be identical to counting the cells as long as the
information quality is significant, reliable with a good signal to noise ratio. The detected
cells can be counted carefully since the sensing mechanism records the passage of the
single cell within the channel. Nowadays, different techniques are investigated to detect

cells.
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Measurement of electrical impedance of single biological units is investigated
using the Schwarz—Christoffel Mapping (SCM) method [8, 113, 114]. For example,
electrometric analyzers monitoring impedance, conductance and capacitance change are

commonly used to detect and count cells [88].

Microfluidic device to be used to capture physically single human cervical
epitheloid carcinoma cells was suggested by [68] using impedance spectroscopy. The
impedance spectroscopy is a technique used to characterize tissues or cells based on the

knowledge of their electrical properties in the frequency domain [115].

Low cost micro Coulter counter [116] based on real time measurements of the
impedance between electrodes is used to count particles. Several authors took the
advantage of micro Coulter counter to detect and count cells within a microfluidic device

[70, 84, 85, 117, 118].

Electronic gate detector (impedance change) is suggested by [119] where cells are

in suspension in a carrier media and pass through a small channel or gate.

Resistance measurement with four electrodes and a current source are used to
convert resistance to voltage taking advantage of the lower conductivity of cells

compared to the carrier media [90, 119].

Capacitance change measurement using 3 electrodes to overcome the drop of the
parasitic resistance is presented by [87]. At frequencies in KHz, the electrolyte resistance
acts as a parasitic resistance in series with the sensing structure and this affects the

measurement of the sensor capacitance.
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Several capacitance sensors have been designed and tested by several authors

with different configurations and approaches [89, 120].

2.4 Cell characterization and identification

Major research techniques for cell characterization/sorting can be classified in two

groups:

e Batch characterization

e Single cell characterization
These techniques are summarized in what follows and elaborated further:

e Polymerase Chain Reaction (PCR)

e Optical flow cytometry

e Microwave flow cytometry

e Impedance spectroscopy

e Dielectric spectroscopy

e (Capacitance change measurement

e Anti-Resonant Reflecting Optical Waveguides (ARROW) refractometer

e Fourier Transform Infra-Red-Micro Spectroscopy (FTIR-MSP)

Cells can be characterized and analyzed by biological methods or assays. One of
most popular commercial method is the RT-PCR [121] or specific PCR [49]. PCR
amplification is carried out on a Deoxyribonucleic acid (DNA) template and the reaction
is performed by temperature cycling. Basically, DNA polymerase is used to amplify a

piece of DNA (Deoxyribo Nucleic Acid) by in vitro enzymatic replication. This

24



amplification generates millions of copies of the DNAs enabling the extraction of genes
and getting more information about the genes. Real Time-PCR enables the detection and

the quantification of a targeted DNA [122].

For at least the last decade commercial flow cytometers with optical detection at
high speed are used to characterize and sort cells. Characterization is carried out by
marking specific proteins that are expected to be overexpressed by cells with fluorescent
fluids that will yield specific optical wavelength recognition by the optical system..
Finally all the information is processed and analyzed through a processor and a computer

program [32].

As mentioned earlier, several other major techniques and tools for microfluidic
channel are demonstrated by different authors. Microwave flow cytometry with a
detection of the cells through microwave signal emission and reception [95] and
capacitance or impedance or dielectric measurement tools were used in the study of the
passive properties of biological cells and tissues [37, 114, 123-125],. Many other less
important techniques such as ARROW refractometer and FTIR-MSP are also used [126,

127].

Figure 2.3, Figure 2.4 and Figure 2.5 show some examples of impedance

measurement and operation of flow cytometer [8, 38, 68].
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Figure 2.3: Picture of the glass chip impedance spectroscopy flow cytometer. Reprinted with
permission from Cheung, Gawad et al. 2005 [8]
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Figure 2.4: Cross section of the microfluidic channel with the particle passing between
electrodes and its electrical simplified model at the cell detection region. The graph shows
the differential impedance versus the time. Reprinted with permission from Cheung,
Gawad et al. 2005 [8]
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Figure 2.5: 3D (a) and 2D (b) pictures where Hela cell captured at micro pillar is measured
for impedance with impedance spectroscopy system at low frequency. Reprinted with
permission from Jang and Wang 2007 [68]

The circuit of Figure 2.3 measures the impedance of cell population and can
provide the cell size, the membrane capacitance and the cytoplasm conductivity as a
function of frequency. Figure 2.4 presents the schematic of the side view of this
microfluidic channel with the particle passing between the electrodes and its electrical
simplified model at the cell detection area. Figure 2.5 is another example of impedance
measurement system. When the Hela (cervical cancer) cell is captured by the micro pillar
then the impedance is measured by impedance spectroscopy at low frequency between 1

to 100 KHz.
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As stated in the introduction, all these particles or living cells in the form of bulk
or as single cell are characterized either with technologies and techniques using low
frequencies or optical frequencies. The results obtained with these techniques could not
address the expected outputs for prognostic evaluation and further cell investigation. For
example the introduction of other agents to the cell, such as marker or fluorescent tags,
could alter the properties of the cells for further assessment. No significant research
investigation was performed for cell measurements in the vicinity of RF/Microwave
within a microfluidic device. This is why a further investigation is needed for high

frequency measurement in a microfluidic device without using any external agents.

2.5 Chapter Summary

This chapter presents researchers works and investigations in developing devices
and measurement techniques for cell manipulation and cell detection/characterization.
Centering and confining cells at the center of the microchannel reduce the measurement
errors for cell detection. Most of the existing investigated techniques use optical and low
frequency detection. The technologies used do address bulk cells characterization and
very little investigation is found for single living cell detection. Moreover some of these
technologies require the use of tags or markers. Therefore there is a need to investigate a
new technique and measurement method without using tags and characterizing cells one

by one in a microfluidic channel.
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Chapter 3: Theoretical Analysis for Single Cell
Manipulation, Centering, Detection and Characterization

3.1 Introduction

There is evidence that single cell expression may reveal specific medical
condition of the patient. The characterization of single cell is really challenging from the
perspective of separation of the cells of interest, such as CTC, from the patient blood and
individually characterization of these cells. Therefore the investigation of RF/Microwave
technique for cell characterization implies the study of proper transmission lines for
micro channels and the need to control the motion of cells by accurately position them in

the length and height of the channel.

Most of the living cells have diameters between 5 um and 25 pum. This dictates
the height of the microchannel to be close to twice the maximum diameter to reduce the
chances of clotting due to cell clustering and other effects. The width of the channel is
also chosen to be about five times the height of the channel for better manipulation and
control of cells. Trapezoid electrodes are used creating negative DEP forces on cells
within the channel to center them into the interrogation region. At this point (mid center
of the channel) cell diameter size overlapped facing electrodes are present for
RF/Microwave measurement. Input and output holes are also created on one of the wafer

for cell and media injection and recuperation.

The completion of this thesis requires the study of several theoretical subjects
related to the specifications, design and fabrication of microfluidic devices. The role of

single cell characterization and identification microdevice is to center first the cells in the
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middle of the channel, at the interrogation point, then to detect and characterize them at
high frequencies. For high frequency on line characterization and measurement
validation, off line characterization or cell’s dielectric properties determination is needed
for capacitance modeling of cells. Therefore this chapter starts with the study of
dielectrophoresis theoretical analysis for cell focusing, followed by high frequency
transmission line analysis for RF electrodes in the microchannel. The single cell model
within two facing electrodes at high frequency is presented considering the fringing
capacitance effect. Then the theory of measurement of cell’s complex permittivity at high
frequencies is detailed. This measurement enables the characterization of dielectric
properties of the living cell. Finally the analysis of fluid flow in microchannel with all

present forces is overviewed.

3.2 Dielectrophoresis

3.2.1 Principle of Dielectrophoresis (DEP)

Theoretical and analytical studies of DEP are required for proper design of cell
focusing at the center of a microchannel. Dielectrophoresis can direct the motion of a
particle in suspended media under forces resulting from electric field gradient. Figure 3.1
shows the effect of a particle in a uniform and non- uniform electric field. With the
presence of uniform electric field, each half of the induced dipole creates forces on the
opposite direction giving a zero net force. By the presence of non-uniform electric field,

the two forces are not equal producing an overall non-zero net force [128].
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Uniform Field

Figure 3.1: The effect of uniform and non-uniform electric fields on a cell or particle.
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Figure 3.2: The effect of uniform and non-uniform electric fields on a cell or particle. a)
When a particle is more polarized than the media, the particle moves towards the region
with high electric-field strength and this is positive DEP. b) When a particle is less polarized
than the media, the particle moves towards the region with low electric-field strength and
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this is negative DEP. Reprinted with permission from Doh et al 2005 [109]

Figure 3.2 shows the negative (nDEP) and positive (pDEP) dielectrophoresis effect. In

fact depending on the dielectric properties of the particle and the media, the particle will

move towards the region with high or low electric field strength.

31



Nevertheless, when a particle suspended in a solution is subjected to an electric
field, the particle and the solution are polarized creating a net unpaired surface charges at
the interface of the particle and the solution. These surface charges create another electric
field disturbing the original one as shown in Figure 3.3 [130]. The interfacial surface
charges depend on the field strength, the permittivity and conductivity of the particle and
the solution. With this non uniform electric field distribution it results a net force
different than zero as shown in Figure 3.3. This represents the physics of the
dielectrophoresis mechanism. With DEP, particles acquire a dipole moment and interact
with each another. Therefore, polarized particles have a tendency to align along the field

direction.

+V

Figure 3.3: Electric field distortions due to interfacial polarization. Adapted from Kua et al
2005 [130]

3.2.2 Dielectrophoresis theory

In general the total force exerted by an electrical field on a particle consists of two

terms (electrophoretic and polarization forces) [131]:
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F=Q.E+(PV)E (1)
where Qc is the particle charge, P is the particle dipole moment vector and E is the
electrical field vector. For a particle without a charge, the force is simply given by the
polarization force:

F=(PV)E )
Moreover, the polarization P of a not perfectly insulating particle depends on the time
variation of the applied electric field over some characteristic time interval in the recent

past and is given by:

t
P=3V,6, [ Bt—t)E(t)dr €)
where V), is the volume of the particle, ¢y is the air permittivity, ¢, is the dielectric

constant of the media and E(t) is the dielectric relaxation with:

Re(f')+/Im(8") = [ B()e ™ dt @
0
where j=~/—1 is the complex number, Re(ﬂ*) and Im(f8") are the real and the

imaginary part of the Fourier transform of A(t) respectively, and @ is the AC signal

oscillation frequency.

When an electric field is applied to suspended particles in a media, the orientation of the
cell will depend on the frequency of the applied signal. Figure 3.4 gives the contribution
of different polarization mechanisms [132, 133] described as a, § and o dispersion on a
wide frequency range. a dispersion region is the diffusion process of the ionic species. f3
dispersion region is the monitoring of dielectric properties of the biomass, where cell
membrane and their interactions with the intra and extra cellular solutions are taken into
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account (capacitive behavior). In the § dispersion region the electrical field can penetrate
the cell membrane and dielectric properties are defined by the aqueous content of the

biological molecules [134].

For a biological cell in a physiological solution, the interfacial polarization in the
low frequency range of few KHz to about 10 MHz is of interest for particle
transportation. The P relaxation or dispersion effect (interfacial polarization) is a
Maxwell-Wagner induced dipole effect, with capacitive cell membrane charged through
the cell interior and exterior fluids [135]. The B dispersion region can be looked as an

important region with frequency variations in Clausius-Mossotti factor (CM) [129, 130].
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Figure 3.4: Different polarization mechanisms of a dielectric particle in a solution. The
curve shows the frequency dependence of the complex permittivity. The complex
permittivity is composed by the dielectric constant &’ and the dielectric loss €’’. Reprinted
with permission from Demierre 2008 [132]
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3.2.3 Clausius-Mossotti factor and DEP force

For a single low frequency AC applied signal, the polarization force F or the time
averaged DEP force on the particle is related to the instantaneous component of

polarization [136] and is given by:

3 2
Fypp = 5 Vpeogm Re[ fy, ]V|ERMS| )
where Re[f CM] =Re(f") represents the real part of the Clausius-Mossotti factor identical

to Re(S") and Erwvs the root mean square value of the electrical field. Therefore the

dielectrophoresis force depends on the particle volume, the dielectric constant of the
media or the Clausius-Mossotti factor (dependent also of the AC signal frequency) and

the amplitude of the AC signal (dependent also on the electrodes geometry).

When a particle is more polarized than the media (for positive real part of [f CM] ),
the particle moves towards the region with high electric-field strength and this is positive
DEP. When a particle is less polarized than the media (for negative real part of [ /o ] ),

the particle moves towards the region with low electric-field strength and this is negative

DEP.
In general, the complex permittivity (CP) is given by:
£ mge, I ©)
@

where € is relative permittivity or dielectric constant, o is conductivity and @ is angular

frequency.
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For DEP, [/ ]and Re[ /., ] can be related to the complex permittivity of the

media and the particle by Maxwell-Wagner theory [137] and [138]:

o] =2 e ™

e, +2¢,
where €, and €, are the complex permittivity of the particle and the media respectively.

c,+20,

| ](ep—em)(e,,+2em)+("f”;"m)( w ©
Re fCM =
(2,+2¢, ) +(Gf’+w26'” i

The dielectric constants in this formula are all relative values.

The transition from a positive DEP to negative DEP or vice versa happens at a
frequency called cross frequency where the real value of CM factor becomes zero. When

equation (8) equals to 0 the cross frequency is given by:

Seross = 2 2
2rey \ €, +¢€,6,-2¢,

1 \/sz +0,0, -20,° 9)
The DEP force is in general difficult to measure [139], therefore the real part of

CM is calculated based on the relation between the applied frequency (f), the cross over

frequency (fcross) and Ce, the membrane capacitance [140]:

Re[fCM]=jﬁ%;§°§; (10)
o (11

Jeross™= \EETMC

mem

36



The cross frequency depends on the conductivity of the media, the size or the radius R of
the particle and the membrane capacitance. These quantities are known for several type

of cells [140] enabling the calculation of fcross.

The cross frequency is also measured by varying the frequency and observing the
transition from one type of DEP to another (nDEP to pDEP or pDEP to nDEP). With a
more complex model of cells, two cross frequencies can be measured, one at low

frequency and another one at higher frequency.

For transport and centering the cells toward the interrogation region low frequency
electric potentials are used. The curves of Figure 3.5 and Figure 3.6 show the real value
of CM factor versus the frequency of the AC signal for different living cell and different

cell models [31, 132].
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Figure 3.5: Real part of CM versus AC frequency of the applied signal for different living
cells in a media with conductivity of 10 mS/m. Reprinted with permission from Alazzam
2011 [31]
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Figure 3.5 shows the CM factor of different living cells. It is observed that all
these cells present a negative DEP at low frequency and the MDA231 breast cancer cell
line has the lowest cross frequency among these cells. The highest cross frequency is

found for the RBC.

I IIIIIIIi T TTTIT L] IIIiI1I T lIII!IiI T lIIIIII[ T TTTTI T IlIIIIII T T TTTm T T T

3 1t 2y R TR S .
0.4} X ]
0.3
Pl (eeEees homogeneous sphere

—~ 0.1
«— O0F — two-shell model

f—

“* -0.1
-0.2
-0.3
-0.4
-0.5 1

Ll I.lJ.llJ Ll l.l.J.i.I.Jl L_L J.J.J.J.H.I. | llI.ILt! Ll I.llLlL[ 11 hlJ.I.I.l|. 1 1 Illlll.l Ll I.l.llJ.l'. 4 1 LiLpLl
102 104 108 108 10%¢
Frequency / Hz

— — — - single-shell model

T

Figure 3.6: Real part of CM versus AC frequency of the applied signal for different models
of cells. Reprinted with permission from Demierre 2008 [132]

3.3 RF/Microwave transmission lines

The characterization of the single cell at high frequencies is achieved using
transmission lines between the high frequency emitter or source, measurement electrodes
and receptor/ load. For microfluidic devices most used transmission lines are microstrip

lines and CoPlanar Waveguides (CPW).

The microstrip line is made of a thin film line of conductor on one side of a

dielectric substrate with a similar thin film ground plane conductor on the other side. The
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electric and the magnetic fields travel in the dielectric substrate and the air. Therefore a
Quasi-Transverse Electro Magnetic (Q-TEM) mode exists in this type of transmission
line. The effective dielectric constant presented to the electromagnetic signal is calculated
knowing the characteristics and dimensions of the dielectric and the conductors. The
dielectric constant is related to the speed the wave travels in the transmission line and
determines its characteristic impedance. The CPW line is made of a thin film center strip
of conductor surrounded by two other films as ground conductors. Similarly its speed of
propagation and the line characteristic impedance depend on the characteristics and the
dimensions of the dielectric and the conductors. The advantage of CPW over the
microstrip lines for microfluidic circuit is its planar configuration avoiding electrode
deposition on both sides of the substrate such as glass or silicon. Therefore in what

follows a theoretical analysis for CPW lines with different configurations is presented.

3.3.1 Coplanar waveguide transmission line theory

The general configuration of a CPW present in most of micro devices consists of
three planar electrodes with three substrates, surrounded with two metal covers as shown
in Figure 3.7. The presence of the two metal covers minimizes the noise at high
frequencies. The study of this general case of CPW enables the calculation of all other

CPW configuration variations.

The objective of analyzing the CPW line is to determine the overall effective
permittivity (e.;) and characteristic impedance (Zo). The CPW lines consist of a signal

electrode with a certain width 2a, and adjacent finite ground electrodes deposited on a
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substrate. The total separation of the ground electrodes is 26 and the total distance

between the two ground edges is 2c.
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Figure 3.7: Cross section of general CPW configuration

The high frequency characteristics of the CPW, such as the effective dielectric
constant of the line and the characteristic impedance, can be easily calculated if the
dielectric constants of the substrates, of the gasket and the environment, and the

geometric dimensions of electrodes as well as their spacing are known.

When the thickness of transmission lines is negligible and the dielectrics are

infinitely wide, then the CPW line capacitance is calculated by:
Cepy =Cy +C,+C, +C, +C, +C, (12)
where the associated capacitances of Figure 3.7 configuration are well defined and

described in the book of Simons [141] and in the article of Chen & Chou [142] and are

given by:



4. K (13)
K (k)

C =26, (2, -z, 0D (14)
1 o0&~ &4 K(k)
C,=2¢(¢,—¢ )m (15)
2 0 r2 r3 K(kz)
szg( )K(k) (16)
3 0 r5 K(k)
C,=2¢,(e —1)M (17)
4 0\%r4 K(k4)
Kk,
Cs=2¢,(¢,5-1) K((k)) (18)
with
c %bz—a2
k:E oo (19)
k =N1-k*

e b a
sinh(=—) [sinh?(=-)—sinh®*(=—
(2hi ) [sin (Zhl. ) —sin (2hi )

k =
: 2
sinh(;l;) sinhz(;[;;) —sinhz(;[Z) 0

k., =J1-k’ i=1,2,3,4,5
K represents the complete elliptical integral of the first kind and its arguments k& and &; are

dependent on the physical dimensions of the line and the substrates or the environment.

The complete elliptical integral of the first kind is given by:

/2 do _J' dt Q1)
N1-ksin? @ 70 \J(1-)(1-k*F)

K(k)= j

Therefore the effective dielectric constant and the characteristic impedance of CPW line

in Figure 3.7 with ¢, as the velocity of the light can be written as:
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_Cow _y, (En=64) Kb) K(K)  (£28:) K(K) K(k)) |

Car =70 2 K(k)K(k) 2 K(k)K(k)
(22)

(6:=4:5) K(k) K(ky)  (£,4-1) K(k) K (k) (85 =1) K(k) K (k)
2 K(k)K(k) 2 K(k)K(k) 2 K(k) K(ky)

€ \F (23)

30r K(k)
F K(k")

For different CPW configurations, Z, formula is unchanged and &, will change with

dielectric permitivities of the environment surrounding the electrodes.
3.3.2 Different CPW line configurations within microfluidic devices

In a microfluidic device, three different configuration possibilities are found:
e Electrodes or lines on one substrate (standard CPW) as shown on Figure 3.8
e Electrodes or lines sandwiched between two substrates as per Figure 3.9

e FElectrodes or lines sandwiched between two substrates with an addition gasket

layer in between as per Figure 3.10

For simplicity, top and bottom ground layers of the entire following configuration are

omitted.
3.3.2.1 Standard CPW lines electrodes on one substrate

For a standard CPW line, with the equation Error! Reference source not found.)

and ¢, = &3 = &4 = &5= 1, then the effective dielectric constant becomes:

14 (EamD) K(b) K(k) 24)
’ 2 K(k) K(k)
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Figure 3.8: Cross section of standard CPW line
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3.3.2.2 CPW lines electrodes sandwiched between two substrates

Similarly, for the configuration of Figure 3.9 the effective dielectric permittivity

becomes:
o 148D Kb K(K) | (62 -1) K(k) K(K,) 25)
. 2 K(k)K(k) 2 K(k) K(ky)
) 2a
< = >
2a
>
th Substrate 2
MI Substrate 1

Figure 3.9: Cross section of a CPW line sandwiched between two substrates

For two identical substrates with dielectric constant ¢, and height %;, the expression of

the effective dielectric constant is simplified by:

by =1+(s, 1) SO KE) a0
’ K(k) K(k)
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3.3.2.3 CPW lines electrodes sandwiched between two substrates

with a gasket layer in between

For the configuration of Figure 3.10, the expressions of the effective dielectric

constant can be written as:

o 1y &) K K(K) | (£26,) Kb K(K,) | (£:-1) K() K(ky)  (27)
Ejf U [l [l
2 K(k) K(k) 2 K(k) K(k,) 2 K(k) K(ky)

For two identical substrates with dielectric constant ¢, and height A (with hg, = hg + hy)
and a gasket dielectric constant of ¢,, with a height 4, the expression of the effective
dielectric constant is simplified by:

o1, G K KK | K, (62 -6 ) Kby K (28)
’ 2 K(k) K(k) Kk, 2 K(K) K(k,)

Substrate 1

Substrate 2 = Gasket
3

Substrate 3

Figure 3.10: Cross section of a CPW line sandwiched between two substrates with a gasket
layer in between

3.3.3 Transmission line matrix for CPW lines

A transmission lines are usually represented by different type of two port
matrices. Some examples are Z, Y, ABCD and S matrices. When they are cascaded with

each other, then the best transmission line representation in matrix form is the ABCD
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matrix since the overall matrix is the multiplication of all ABCD matrices together. The
transformation from one type to another type representation is easily converted with
standard transformation table that can be found in many books such as Pozar [143]. For a

two port device, the ABCD matrix for Figure 3.11 is defined as:

& oJa L) g

For a lossless transmission line of length 1, the ABCD matrix is defined as:

cos(ﬂlgl) iz, sin(ﬁlgl)

4 B [ 30
[c DJ_ ’Sl";ﬂ cos(B,1) (30)

o

27 frequenc ,/5 .
where B, = Jrequency &,y is the phase constant .
c

o

ABCD
Potl v, Matrix v, Port2

Figure 3.11: ABCD Matrix presentation with the input and output ports of the 2 ports
device

3.3.3.1 Cascaded two ports or transmission lines

Cascaded transmission lines with known individual 4BCD matrices can be
represented by an overall ABCD matrix. As stated earlier, this is obtained by multiplying

all the matrices together. Then the total ABCD matrix can be written as:
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AT BT _ Al Bl Az Bz A3 B3 An Bn (31)
c, D,) \C, D)\C, D, J\C D)~ C, D,

3.3.3.2 § parameters and extraction from ABCD matrix

S or scattering parameters are based on the reflection and transmission of waves,
quantities that are complex numbers carrying amplitude and phase information. At RF
and microwave frequencies, voltages and currents depend on time and also on space.
Therefore at a certain point x;, a voltage on a transmission line would be different than at
another point x, at a distance less than a wavelength. This is one of the reasons why
power or incident/reflected waves are measured instead of voltages and currents. Hence,
S parameters are defined as the reflection and the transmission of waves. For the two
ports network of Figure 3.12 with incident waves defined as ‘a’ and reflected waves

defined as ‘b’, the matrix form of S or scattering parameters is given [144]:

ESH Sujial J _ Lbl J (32)
Sy Sy a, b,

where S;;, S22, S2; and S), are complex scattering parameters expressed by amplitude and
phase.

. . . b
S11 is defined as the reflection coefficient at port 1 S, =—
al

witha, =0 .

a,= 0 means port 2 is terminated in 50 Q.

S22 1s defined as the reflection coefficient at port 2 S, = b
@,

witha, =0 .

a;= 0 means port 1 is terminated in 50 Q.

S>; 1s defined as the transmission coefficient from port 1to 2 S, = b
a

witha, =0 .
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a,= 0 means port 2 is terminated in 50 Q.

) .. ) b
S12 1s defined as the transmission coefficient from port 2 to 1 S, =—|witha, =0.
a2

a;= 0 means port 1 is terminated in 50 Q.

RF and Microwave signal has an internal impedance of 50 Q and is usually terminated in

50 Q. For different termination or load impedance a reflection is observed.

a a;
—_— <
Port1 Port 2
s e
b, b,

Figure 3.12: S parameter presentation with the input and output ports of the 2 ports device

When the overall ABCD matrix is known, the transformation from ABCD to S

parameters is obtained [145] by the following expression:

(A+£—CZO—D) 2(AD-BC)
S:[S“ Sn]: ! Z (33)
A+£+CZO+D 2 —A+£—CZ +D
V4 7 ¢

o

o

With the knowledge of the physical properties and dimensions of the transmission
lines in the microfluidic device, cascaded CPW lines theory and extraction of overall S
parameters can be numerically obtained by Matlab™. With a Matlab code for the overall
insertion loss, the actual single cell characterization structure can be estimated

analytically.
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3.4 Single cell model between two electrodes

3.4.1 Introduction

A particle or a cell is present between two parallel facing electrodes can be
modeled as a lumped element at RF/Microwave frequencies as long as the electrodes
dimensions are much less than the wavelength of the RF/Microwave signal. For
microfluidic channel, the study of the impedance between two electrodes without
suspended particle in media and with suspended particle in the media give an estimation
of the impedance variation for these two situations. Moreover, for more complete model,
electrodes fringing capacitances are added during the total capacitance estimation. If the
channel geometrical dimensions, the media and the single cell high frequency dielectric
properties are known (dielectric constant and dielectric loss), then an estimation of the
impedance variation with and without the particle is found. The simple model of the
single cell is a capacitance in parallel with a resistance extracted from its high frequency
complex permittivity measurement. The length, width and height of the parallel facing
plates are L, W and h respectively. The two plates represent the overlapping electrodes
where the single cell passes for RF/Microwave measurement. The overlapped electrodes
surface area and height need to be optimized for reduced and optimal capacitance of the
two plates with a particle. This optimization will ensure the high sensibility of the micro
device. For simplicity, the particle between two facing electrodes is considered having a
rectangular geometric shape with the length, width and height equal to Lp, Wp and hp

respectively as shown in Figure 3.13.

48



Figure 3.13: Physical model of a particle between two parallel facing electrodes. The
overlapped two plates are considered as the tips of electrodes where the centered particle
will be present and be measured at RF/microwave frequencies.

The overall model of the cell between two electrodes with parametric design
considerations is assessed using a Matlab code to compare the results with experimental

findings.

3.42 Model of two electrodes without cell or particle

Two facing parallel electrodes with a media in between are modeled as a simple
capacitance in parallel with a resistance. When their geometrical dimensions are small,
additional fringing capacitances are added to improve the model as shown in Figure 3.14.
The main capacitance and the resistance are related to the physical dimensions of the
electrodes, the gap in between and the dielectric constant and dielectric loss of the media
respectively. For high frequency models, high frequency dielectric properties of the

media are used. The main capacitance and the resistance are expressed as:
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C L WL (34)

R ="
media o (35)

where 0, =27f&¢,
Moreover, the fringing capacitance is expressed as [146]:

Chinging = gog'm VI;ZL [ ) + ( ) ( ) + (—) + (—)1 (27[—L) +

(—)(—) (—)(—) 1n<2LL> (—)(—) 1n<2”—W) (36)

(—) (ﬂxi)l (ﬂ)

Top electrode plate /
|

Cfringingl C media R media Cfringing2

Bottom electrode plate

L

A
v

Figure 3.14: Model of the two facing electrodes separated by a media (with fringing effect).
The picture shows a cross section of the electrodes with width equals to W
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Therefore, the total capacitance of the two facing parallel electrodes separated by a media
is:
_ 37
mediawithfringing Cmedia + Cﬁ’inging ( )

h
The total impedance of this configuration is equal to Rieaia = o w1, n parallel with the

impedance of Ccdaittginging .
3.43 Model of two electrodes with cell or particle

The model of a particle within parallel facing electrodes with the media in
between is a more complex model resulting by several impedances in series and in

parallel as shown in Figure 3.15.

w
Top cleetrode plate L/
I | N
C R
Particle Particle
Cfringingl € ne.w R ne.w Cfringing2
media media I I
A
W
¥
C R
media media
with with
Particle Particle
v

Bottom electrode plate

L

v

A

Figure 3.15: Model of the two facing electrodes separated by a media (with fringing effect)
with the presence of the particle. The picture shows a cross section of the electrodes with
width equals to W
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The capacitance and resistance of the particle are expressed as:

. WL
Cpartic/e = 80‘9 P ;l . (38)
P
h
R = -
‘particle O_prLp (3 9)

where 0, =27 f&, ,

The capacitance and resistance of the media on the top and bottom of the particle under

the electrodes are expressed as:

W L
= 40)
media with particle 808 m L (
’ h—h,
(h—h,)
Rmedia with particle — — 41
g o W,L, (41)

The capacitance and resistance of the remaining media under the electrodes excluding the

particle are expressed as:

. wL-w,L,) (42)
new media — ©0¢ m T
h
R =
new media O_m (WL _ vaLp) (43)

The total impedance is a combination of several elements in parallel and in series. The

final electrical model with and without the particle is given at Figure 3.16.

A Matlab code gives the possibility to vary the geometric dimensions (for example the

height of the microchannel and the dimension of the particle) and the dielectric properties
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of the particle and the media to see their effect on the impedance or the insertion loss
versus frequency with and without the particle. With known geometric dimensions of the
microfluidic structure and the electrodes, this Matlab simulation is carried out in

paragraph 7.4.2

R media = C media with fringing

@ *

Z without the particle

Cparticle % R particle

—» § R new media == C new media with fringing

C media with particle % R media with particle

H—

&

Z with the particle

Figure 3.16: The final electrical model of the two facing overlapped electrodes with and
without the particle.

3.5 Complex permittivity measurement theory (cavity perturbation
method)

3.5.1 Introduction of complex permittivity

Material dielectric properties can be characterized by the unique signature of the
complex permittivity. Therefore dielectric property of a material determines how it will

interact with an applied electromagnetic field. When biological samples are characterized
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for complex permittivity, very small sample volumes are required. One of the effective

and accurate measurement techniques is the cavity perturbation method.

In the resonant cavity perturbation method, the specimen of the material is
introduced in the rectangular or circular cavity at the middle of the cavity in general. The
measurement of resonant frequency and the quality factor of the cavity with and without
the specimen enables the calculation of the complex permittivity of the specimen as in

[147] and [148].

The complex permittivity has a relative real part defined as dielectric constant and
a relative imaginary part representing the dielectric loss and the conductivity. These two

parameters are relative to the dielectric constant of the air &) = 8.85 x 10”2 F/m.

The complex permittivity can be written as [149]:

* ! .ot ’ . r .O 44
3 ZEO((C,‘ -]8 ):g()gr -J 808}’ dielectric -J; ( )

and the relative or normalized complex permittivity is given as [150]:

* ' Lo ' . ’ . O 4 5
gr = gr - ]gr = gr - .] 8r dielectric ] _ ( )
s,

where ¢ is the dielectric constant and ¢, is the DC conductivity o and the dielectric loss
) and o is the angular frequency of the applied electric signal. All these

( 8}’ dielectric

quantities are frequency dependent.
3.5.2 Modes in rectangular resonant cavities

The principle of rectangular cavity perturbation method is obtained from the

resonance of the cavity. Different modes can exist in the cavity depending on the
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dimension or length of the rectangular cavity. The rectangular cavity can resonate at one
frequency or several discrete frequencies (modes) depending on the dimension of the
cavity. Several modes can be present in the cavity. A rectangular cavity
with height, width and length equal to b, @ and d, where b is smaller than a, a is smaller

than d (Figure 3.17), then the dominant mode isTE,, (Transverse Electric). In the TE

mode, the electric field is perpendicular to the direction of the propagation. The resonant
frequencies of these different modes in the air filled cavity is given by the following

expression [ 143]:

e (zj +[4€ i (46)
100 0 //Eﬂ()gg a d }

where ¢y 1s the speed of light in the air and y is the permeability of the air. TE,;, is the

waveguide dominant mode of the rectangular cavity having a length d equal to half of the

wavelength 4 divided by 2. This resonant cavity is a waveguide equivalent of short-

circuited //2 transmission line [143].

&« - ‘H“-g
.- . a
- "J d A
radius; T cavity

Figure 3.17: A sketch of a rectangular cavity with the specimen capillary tube introduced at
the position of the maximum electric field (at the center of the cavity). Reprinted with
permission from Sheen 2009 [151]

55



3.5.3 Rectangular cavity perturbation method

The theory and basic formulas for the calculation of the CP through the

rectangular cavity perturbation method are given by several authors [ 148, 152-164].

Maxwell equations are formulated for two resonators, an empty cavity resonator
and another cavity resonator that can be considered as the introduced non conducting
specimen or perturber. The introduced specimen will create a perturbation by small
deformation on the boundary surfaces of the cavity.

VXE, =—jo,B, 47)
VxH =—joD

In these two equations, E, and B, represent the electric field and magnetic flux
density in the unperturbed or empty cavity and H and D are magnetic field strength and
electric displacement field and respectively in the interior of sample. Waldron presented
the specimen field’s contribution as the perturbation fields added to the empty cavity
fields [148]. The candidate adapted formulas of several authors and after elaboration and

manipulation presented all the steps to come up with the final results. Using the scalar

products of H and E, fields over the preceding equations, where * is the conjugate, the

following formulation is obtained:

H.(VXE,' )—E, .(VxH )=—jaw,H.B, — joE, .D (48)

with the equality

V(E, xH)=(H(VXxE,)-E, (VxH) (49)

then
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V(E, xH)=—jw,H.B, — joE, D (50)
Since with the Gauss Theorem the integration over a volume can be transformed

to integration over a surface, then:

j j (E,’ xH)dS = m (—jw,H.B, — joE, DXV (51)

N 14

In this formula ¥ and § represent the empty cavity volume and surface respectively.

Similarly by duality the following formula is written:

j j (ExH,')dS = j j j (—joH, B— jo,E.D, )V (52)

N V

With cavity perfectly conducting walls, the electric field is normal to the walls
and the magnetic field is tangential. Therefore, this statement implies that the terms in

double integrals vanish and hence:

[[[ —jwoH B, — joE, D)V = [[[(~joH, B~ jo,E.D, )V (53)
[ l [(E.D, —~HB, YV =0 jlj (E,.D-H, B)V (54)

With the specimen inserted in the cavity, the variation of the angular frequency
represents the difference between empty and loaded cavity angular frequencies. The

loaded cavity frequency is lower than the frequency of empty cavity then:

o= (o, +Aw) (35)

By rewriting and arranging all these formulas:

ﬂj (—jw,H.B, - joE, D)V = j ﬂ (—joH," B— jo,E.D, )V (56)
@, j H (ED,"—HB," )V =(w, + Aa))ﬂ j (E,”D—H, B)dV (57)
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o, |[[(E.D, —H.B, )iV -, [[[ (E, D~ H, B)dV =

(38)
Aof[[(E, .D-H, BV
then
[(E.D, —E, .D)-(H.B, —H, .B)|dV
%z(w—%):m( )~ ) .

o @, [[[ &, .D—H, B)aV
V

Since the integrand in the numerator is zero outside the volume of the perturbing
specimen, then we can replace in the integration of the numerator the cavity volume by
the specimen volume Vs and with V) the empty cavity volume the new expression
becomes:

[[[iE.D, ~E," D)~(H.B, —H, B)ldV
Ao _ i (60)

w, ([, .D-H, BV

Vo

The only assumption made to obtain this expression is that the cavity walls are perfectly
conductive. Moreover, when the specimen material is considered homogeneous and

isotropic, and the cavity having air in it then

D,=¢E, and D=¢,¢,'E, B, = y,H, and B= 1 H and

N [[[teste, -DE, E1-Luy(,-1)H, H1dV
_A®_ v (61)
w, j j j (E,’.D-H, B)V

Since permittivity and permeability are complex numbers then this expression shows that
resonant frequency variation over resonant frequency of the unperturbed cavity is a

complex quantity. If the following expressions are selected:
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E=E,+e

H=H,+h (62)
D=D,+d
B=B,+b

then equation (60) becomes:

\ m [(E,+e).D, —E, (D, +d)—(H,+h).B,'—H, (B, +b)]dV
Ao ) (63)
w, j j j [(E, (D, +d)—H, (B,+b)dV

B A A A A
@ >

@ [[[ [(E, D,—H, B)+(E d—H, b)dV

Vo

(64)

With the assumption that the perturbation is small, then the second term of the

denominator is negligible and the latter equation can be written as:

A m [(e.D, —E, d)—(h.B, —H, b)ldV
o _ v

24 _ (65)
@, [[[(E, D, —H, B,V
Yo
and therefore equation becomes:
[[[tese, ~DE, E1=[uy( 1, -1)H, H1AV
Ao _ (66)

o, [[[E, D,-H, BV

Yo

The negative sign of the complex frequency shift indicates that the resonant frequency of

the empty cavity is lowered when the specimen is introduced in it.

Waldron mentioned that E, and D, have a j phasor factor in TE mode and
H, and B have a j phasor factor in TM mode [148]. Therefore a positive sign is

observed in the denominator of the last equation and it becomes:
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e DB EY -t -1, HYay
@ Vs

@, [[[E, D, +H, B,V

Yo

(67)

In this expression, the numerator and the denominator represent the total energy
stored in the specimen and in the cavity respectively. Therefore the total energy in the
cavity (W7r) is the sum of the electric energy (Wz) and magnetic energy (W) and hence

one can write:
W, =W, +W, =20, =2, =2[[[(E," .D,)aV (68)
Vo
The perturbation of the material or the specimen is introduced at the position of
maximum electric field and the perturbation contribution of the magnetic field is
minimum and equation (67) is expressed then as:

[[Jteute-DE, BV [[[(en(e, -DE, EWY
ok - (69)

"oy [y DtH, Byav — 2[[[(E, Do)y
Vo Yo

When the specimen is introduced at the maximum electric field location in the

cavity, the tangential electric field is continuous at the surface of the rod and therefore

E =E,. Since the perturbation is small, the electric field at that location is constant and

hence the numerator of the last equation is the integrand multiplied by the specimen

volume V5. Taking the TE mode in the cavity, the denominator can be written as:
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2([[ (B, Do)V =
2¢, “J.[ MAX cos(—) cos(ﬂ) E vx cos(%) cos(pTM)]dxdydz =
26,E 5 By I [[eos(==)cos” (= = udydz =

(70)
b a d
260E v Evuy j 1dy j (cos’ (ﬂ)dx j (cos’ (ﬂ)dx =

260E i Eoviix j ldyj. [1+ cos(2Z~ )]dxj [1+ cos(PLZ ydz =

Volume of cavity
5 )

280EyMAXEyMAX (b)(E)(E) = gOEyMAXEyMAX*'(
Then by replacing the tangential field at the maximum field location in the numerator,
equation (69) becomes

Ao _ & (& -DE aax Eopaax "(Volume of Sample)

Volume of cavi
Do e (L LD (1)

Ao 2(e,” —1)(Volume of sample) B 2(e, =1V,
@, Volume of cavity V,

Given the small perturbation (Aw K o)), then:

Ao g DV (72)
1) v,

This simple expression represents the complex resonant frequency shift which is
dependent on the complex permittivity of the specimen and the volumes of the cavity and

the specimen.
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3.54 Measurable resonant frequency and quality factor

Complex resonant frequency is related to the measurable resonant frequency and
quality factor (without and with specimen in the cavity) and the relation is given by [153,

156, 158-160, 165-170]:

Aa) I 1
A0 ey Sl (73)
@ S 20 0,
then the relation between the measurable quantities and the complex permittivity is given
by:
(f f()) J ( 1 L)] _ (gr* _1)VS — 2(6}' — 1)I/S _ 2] gr”VS
f 20 0, Vo Vo Vo (74)
(fO_f)_i(l_L): (gr _I)VS‘:Q’(‘C’.V _1)V9_2Jgr VS
f 20 O Vo Vo Vo
V
(f -/ Lo V
2 (75)
" O
£ = (=)
A0 0,

where fo, Qo, f and Q are respectively empty cavity measurable resonant frequency and

quality factor, followed by the same measures quantities when the specimen is inserted.

3.6 Fluid analysis in microfluidic channel
3.6.1 Navier-Stokes equations for a steady flow and incompressible

fluids

The analysis of microfluidic channel with the presence of electromagnetic waves
or signals requires the coupling of fluid dynamics and electromagnetic field equations.

The conservation of mass or continuity governing equation is given by [171]:
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a—'O+V.,0V=0 (76)
ot

where v is the velocity vector and p is the fluid density. In tri-axial coordinates this

equation can be written in the form:

op  Apvy) , APV, Apv,) _, (77)
o ox v oz

For a steady flow and incompressible fluids, this expression is simplified and is

given by:
6Vx+5Vy+6VZ 0 (78)
ox oy Oz

From the continuity equation and the differential Euler’s equations of motion, the

Navier-Stokes equations in X, y and z directions are written as:

(GVX+V 8VX+V av"+v avx)__(?_er N (anX+anX+62Vx)
Plar "V TV ey TV e )T e OB T e T TR
ov ov ov ov. op o’v. O'v. O°v
Ly, —r4+v,—I v, —)=—"+ + L —+—F
P T TN T e Ty TPt ) ()
ov, ov, ov, ov, op o’v, 0'v, 0’v,
p(—=+v + v )=———+pg. + 1, +—)

N vy +v, >+ —
ot Ox oy oz ox ox oy oz

where g, g,, -, uq are the components of acceleration of gravity vector and the dynamic
viscosity of the fluid and p the pressure. Neglecting the components of the acceleration of

gravity vector, the general expression of Navier-Stokes equations is:

ﬂ+V.VV:—le+vV2 \% (80)
ot Yo,

with v being the kinematic viscosity and v = Ha

. This equation provides the velocity

distribution of the fluid in the microchannel.
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3.6.2 Forces present on an immersed spherical particle in a fluid

3.6.2.1 Introduction

A particle moving in a fluid is subjected to different forces acting on it. The
equation of motion reveals different internal forces such as drag, gravity and buoyancy
forces. Some forces are extrinsic and caused by external mechanisms/effects such as
dielectrophoresis, electromagnetic or other forces. These effects are studied in the

following sections.
3.6.2.2 DEP electrodes effect

In a microchannel with immersed spherical particle in the fluid, when the fluid is
moving in the x direction and the gravity force acts in the y direction and with negligible
buoyancy force, the equation of motion with the presence of dielectrophoresis force

yields the following relations [172]:

e R*Relf, ]3\E2\+67z RK (v —@)—m—dzx
m M ox YT dr’
3 0 | 2 dy 4 3 _ dzy
me, R’ Re[ fCM]a‘E \—6myRKyE+(§ﬂR )g(p, —p,)=m e (81)
0 dz d’z
e R’ Re —|E*|-62nRK. — =m—
m [fCM]ay‘ ‘ 77 zdt d[z

. e . ) . . 0 0
where vxis x unidirectional fluid velocity acting on the particle, —

,—,— are gradient
ox Oy Oz

d d d 2 2 2
operators in the x, y and z directions, K , K , K = E ond dx dy dz are wall

S an ) PRE) P
dt dt dt dt  dt  dt
correction factors, particle instantaneous velocity and acceleration in coordinates

directions respectively. These relations link DEP, drag and gravity forces with the
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acceleration force in X, y and z directions. The drag force is related to the velocities of the

particle and the fluid in movement.
3.6.2.3 Electro- magnetic effect

When the particle within the fluid is passing close to an electric or magnetic field,

then the electromagnetic signal will create the Lorentz force [173] is given by:

F, =|o(E +VvxB)|xB (82)

LORENTZ
In equation (82), the contribution of VX B will be negligible and therefore the force will
mainly depend on the passing current and the magnitude of magnetic field strength. In the
absence of a magnetic field, the contribution of this force will mainly be due to the DEP
force created by the RF/Microwave signal. Hence the equation of motion with the
presence of a particle in a media and the presence of an RF/Microwave signal on

electrodes yields the following relation:

F (83)

ACCELERATION

F +F + F

DEP RF/Microwave DRAG GRAVITY =

where  Forp reisticronave is the DEP  force identified by the equation (5) when an

RF/Microwave signal is applied to the electrodes with an amplitude Agr and a frequency

JrE

3.7 Chapter summary

This chapter gives the theoretical background for resources and the tools needed
to complete this investigation. The theory of the particle polarization and the
dielectrophoresis principle are explained. The DEP force and the associated Clausius-

Mosotti factor are elaborated.
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The single cell model and the RF/Microwave transmission path model for single
cell detection in a microfluidic channel are generated. The single cell model is studied
with overlapping parallel facing electrodes containing media and a suspended particle in
a media. Due to the nature of the microfluidic device, non-standard CPW transmission
lines are used to characterize the cells with RF/Microwave measurements. Therefore, a
detailed theoretical analysis is performed to model properly these CPW transmissions

lines.

Finally the theory about the complex permittivity of particles at high frequency

and how to measure it is given for the needs of next chapters.
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Chapter 4: Theoretical Analysis of Dielectrophoretic
Force Generated by Parallel Facing Electrodes for
Centering the Living Cells within the Microfluidic Channel

4.1 Introduction

In a micro biological device, micro particle or cell manipulation and
characterization require the use of electric field of specific 3D configuration that would
be ensured by different electrodes in several configurations and shapes. To efficiently
design micro electrodes within a microfluidic channel for dielectrophoresis focusing,
manipulation and characterization of cells, the designer will seek the exact distribution of
the electric potential, electric field and hence dielectrophoresis force exerted on the cell
within the microdevice. Therefore, the theoretical analysis of the dielectrophoretic force
expression within a microchannel is essential information to perform the design
parametric study. Non-uniform electric field can be generated using same size parallel
facing electrodes, for example in trapezoid shape, present on the two faces of channel
substrates. The application of the difference of potential on the pair electrodes generates
the desired DEP force to attract or repulse the cells moving along the channel. The
attraction or repulsion of cells depends on their internal characteristics and of the
surrounding media, on the external applied voltage amplitude and frequency of the low
frequency harmonic signal. In this analytical solution for dielectrophoretic phenomena,
simple Fourier series mathematical expressions are derived for electric potential, electric
field and dielectric force between two distant finite size electrodes. Analytical results,
calculated using Matlab™, are compared with numerical solutions obtained by COMSOL
and excellent agreement is found between them. Bio-micro devices are also designed and
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fabricated to compare and illustrate the theoretical solution with the experimental data.
The experiments used RBCs within the suspending media. Low frequency signal is
applied to the parallel facing electrodes creating DEP force on the cells in the channel
affecting the motion of the RBCs. The dielectrophoretic force contour plots of the

analytical data matched to the experimental results.

This chapter presents the thesis adapted version of the article published in the
Journal of Electrophoresis with the title: Analytical Solutions and Validation of Electric
Field and Dielectrophoretic Force in a Bio-microfluidic Channel, 2012, Volume 33, Issue

3, p. 426-435.

4.2 Cell centering micro device

In a microfluidic channel equipped with several electrodes for different purposes,
the understanding of DEP mechanism is very important. Since the DEP force is directly
related to the gradient and the strength of electric field, and then the formulation of the
electric field determines the exact DEP force strength on cells or particles. The

distribution of the electric field can be found analytically or through simulation.

The specific case regarding a microfluidic structure with the presence of parallel
facing electrodes for cell centering, detection and characterization represents the main
subject of this theoretical and experimental study. The electric field and the
dielectrophoretic force depend on the electrodes geometry of the specific micro device.
These two quantities can be analytically determined using charge density method [113,
174], Green’s theorem [139, 175], Green’s function [105, 176], half-plane Green’s

function [106, 177] and Fourier series [35, 107, 178] and other methods. They can also be
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solved numerically with Finite Element Methods (FEM) [106, 108, 179]. This analytical
study presents a simple mathematical solution to evaluate the electric potential, electric
field and dielectrophoretic force using Fourier series in a micro device with identical size
parallel facing electrodes in the microchannel when opposite voltage is applied. There are
several advantages of this analytical solution over previous works and numerical

simulations.

The present method is based on Fourier series that uses trigonometric and
exponential functions while Schwarz-Christoffel mapping method requires the
calculation of several functions that need, to some extent, the calculation of several
elliptical integrals and numerical computations [114, 180]. Moreover, the solutions of
pT™

mathematical expressions produce precise and quick computer simulations in Matla

and it can be easily used to perform design parametric studies.

The micro device is designed and fabricated with two glass substrates having
parallel facing electrodes for characterization of living cells in a controlled conductivity
media. For measurement of the electric response of a single cell at observation point, the
injected cells into the channel have to be carefully focused into the middle of the channel
and then different electrodes can be used to characterize each cell response at low and
high frequencies. The exact knowledge of the electric field distribution under the
electrodes could permit easy parametric analysis and characterize cell movement through
the channel as shown in Figure 4.1 parts a and b. The strength of the force in the device
can be easily found by numerical simulation but for parametric analysis during the design
of the microfluidic device, a mathematical analysis is indeed essential and very

beneficial. Moreover the knowledge of the dielectrophoretic force and other present
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forces, such as gravity, drag and buoyancy forces, would determine the trajectory of the

cells within the microchannel.

Z 4 4 L L

Figure 4.1: (a) Schematic diagram showing the experimental arrangement of the electrodes
used for manipulation of cells. Series of electrodes are patterned on the upper and bottom
parts of the channel. Energizing one pair of electrodes “third from the left” influences the
movement of cells toward the electrodes (positive DEP) or far from the electrodes (negative
DEP). (b) 2D schematic diagram showing the cells displacement under the influence of
moving dielectrophoresis. The circles represent cells. In the first part of figure b, only the
third pair of electrodes is actuated while in the second part only the fourth pair electrodes.
Sequential energizing of the electrodes causes the cells to move in the microchannel due to
the dielectrophoretic phenomenon
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In earlier work, analytical solutions were found using Fourier series for another
type of structure with different electrodes configuration in the application of moving
particles by DEP [181]. For these parallel facing electrodes within the microchannel for
cell’s frequency characterization application, this chapter provides the analytical solution
using Fourier series method. The contribution of this chapter consists in providing simple
and parametric solutions of this type of structure configuration. This configuration is
currently used in cells manipulation and characterization. The present analytical solution
will help the designer to perform a meaningful parametric analysis, which will yield to an
optimized set of dimensions. Numerical solutions could equally be used for such
problems but the investigation becomes time consuming and inefficient. The following
section presents the theory of the electric potential, electric field and dielectrophoretic

force with the associated physical structure and boundary conditions.
4.3 Problem description for DEP parallel facing electrodes

The general expression of the dielectric force acting on a spherical polarisable cell
placed in a non-uniform electrical field and in a suspending media is given by the
following equations [181] and [182] and this equation was already written in one of the

preceding chapters :

F,.» = 16,6, R Re[ fo, V(E.E) or F,,, =27,6, R* Re[ i, V(Erns-Erngs) (84)

where Re[f,, ]is the real part of Clausius-Mossotti factor and E , Ey, represent the

maximum and the ‘Root Mean Square’ amplitude of the applied electric field

E —&
respectively. The real part of Clausius-Mossotti factor (2—2'"*) can vary between - 0.5
g, +2¢
)2 m
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and +1 since it depends basically on the complex permitivities of the particles gp* and the

media £ * [183].

Knowledge of the dielectrophoresis force in the microchannel enables modeling
the movement of the cell. Therefore a mathematical formulation of the distribution of the
electric field between the DEP electrodes has to be determined. Buoyancy, gravitational,
vertical components of DEP and drag forces influence the vertical motion of cells in the
microchannel. The cell movement on horizontal plane is controlled by the horizontal
components of the DEP and drag forces. DEP velocity of cells is derived at the
equilibrium of forces. In a horizontal plane, the velocity component of cells moving in
laminar media with low Reynolds number is derived at the equilibrium of DEP force and

drag forces [184].

In order to generate the dielectrophoretic force relation adapted to the proposed
electrode configuration, we consider the expression of the electric field given by Gauss’s

law as it follows:

V.E="c (85)
&

where Pc is the total electric charge density. In the present case the charge density

including both the free and the bounded charge is zero. Equation (85) becomes:

V.E=0 (86)
The quasi-electrostatic form of Maxwell’s equation relates the electric field with the

electric potential in the following formulation:

E=—VV 87)
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where V represents the electric potential. Substitution of equation (87) into (86) yields:
ViV, +V.=0 (88)
WhereV,V, and V_ are the second partial derivatives of V' with respect to x, y and z

respectively. Under the assumption that the width of the microchannel is sufficiently
large, the system is simplified to the schematic illustrated in Figure 4.2 where Laplace

equation (88) becomes:

Vi + Vyy =0 (89)

L R

<
+

Figure 4.2: Illustration of the geometry of the unit segment and the boundary conditions
used in the analytical solution. The unit segment consists of finite size pair of electrodes of
length d/2 with a potential of V,, and -V,. The Gaussian surface used in the solution is shown
as dashed line at the upper right part of the channel. The electrodes are shown with some
thickness for better visualization but they are considered thin compared with the height of
the channel

The following boundary conditions are assumed in the formulation:

a. The upper electrode is energized at a potential V).
b. The upper part of the channel is insulated; change of potential across the upper

part of the considered segment is set to zero.
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c. The bottom electrode is energized at a potential -V.

d. The change in potential at the right side, which is theoretically at infinity, is
assumed to be zero. The right side of the unit segment is assumed to be at a finite
distance L from the left extremity of the considered unit segment.

e. The unit segment is symmetrical about y-axis (left side).

The boundary conditions applied for the Laplace equation (89) are shown in Figure 4.2

and are given by:

Vix,H)=V, OSxS% (90)
d

V(x.H)=0 ESxSL 91)

d

Vix,0)=-V, OSxSE (92)
d

V,(x,0)=0 nggL (93)

V(L y)=0 (94)

V.(0,y)=0 (95)

where ) and ¥, are the first partial derivatives of /" with respect to x and respectively.

To normalize the equation with respect to the specific coordinates, the following

normalized -dimensionless parameters are assumed:

52 (%)

Substituting equations  (96) into (89) yields:
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1 1
VetV = ©7)

Using the normalized non-dimensional parameters of equation (96), the boundary

conditions become:

d
Vix1)=V 0<¥<— 98
(x,1)=V, ey (98)
V.(%,1)=0 i<7c<1 (99)
v 2L
V(%,0)=-V, osxsi (100)
2L
V.(%,0)=0 i<;7<1 (101)
e 2L
V(Ly)=0 (102)
V.(0,y)=0 (103)

WhereV, and ¥, are the first partial derivatives of J with respect toxand y
respectively.

Equations (99) and (101) can be represented in the form:
V(x,1)=¢(x) i<)_c<1 (104)
b 2L —_

V(¥,0) = —¢(¥) % <x<l1 (105)

where ¢(x)represent the electric potential distribution function from the edge of the

electrode to the right side of the considered segment. With the equations modeling the

dielectrophoretic phenomena and with the proper boundary conditions, analytical solution
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based on Fourier series in the attempt to evaluate as accurate as possible the value of the

electric potential and electric field within the environment is carried out.

4.4 Solution of the governing equations by Fourier series

Based on the nature of the boundary conditions and using the separation of
variables technique, the present formulation assumes the solution to be the sum of two

solutions that satisfy Laplace equation; linear part and a harmonic form as it follows:
V(x,y)=A+Bx+Cy+Dxy+F(x)G(y) (1006)
where 4, B, C and D are constants.

Following the separation of variables technique the subsequent formulation is

obtained:

V(X,7)=A+Bx+Cy+Dx y + Z (ay,, coS(K;X) +ay, sin(KSf)){bOM sinh(KSLH )7) +b, cosh(KSLH fjﬂ (107)

m=1

Substituting the boundary condition (103) in (106), the constants B, D and a, are found to

be zero.

V(X,y)=A+Cy+ Z{(a()m cos(K X)) {b()m sinh (% )7) +b,, cosh ( KSLH fjﬂ (108)

Substituting the boundary conditions (102) in (108) yields:

V(X,7)=A+Cy+ Y cos(KX) (bz,n sinh (KSLH )7] +b,, cosh(KiH yD (109)
m=1

where b, and b, are constants as function of m and K =mr .
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The nature of the potential at the upper and bottom parts of the microchannel
requires solving Laplace’s equation between the edge of the finite electrode and the right

side of the unit segment represented in Figure 4.3.

L

X /\/ [
Figure 4.3: Schematic diagram includes the upper part of the microchannel showing the

energized electrode and the coordinate system used in the solution to indicate the potential
distribution at the upper part of microchannel

To overcome the analytical solution of equation (109) a new potential function is
introduced with new coordinates and set of boundary conditions. This proposed technique

enables the solution of Laplace equation with the following potential function:

¢ 9, =0 (110)

#(0,y, )=V, Ve =T, (111)

#(0,y,)=0 (112)
R R . :

where ¢, | is % s 4, 18 @ , T, 1s the thickness of the electrodes layer and x, and y,

are the coordinates inside the considered domain (Figure 4.3). Since the electrodes are

deposited on an insulated layer the following boundary condition is implied:
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9, (x,,0)=0 (113)

In order to use dimensionless coordinates in equation (110), the following

dimensionless parameters are proposed:

=

— -y
g f{ yg Th ( )

The dimensionless form of equation (110) and its boundary conditions are:

% % %, +Tihz¢ygyg =0 (115)
$(0,y,)=V, v, <1 (116)
¢ (0,¥,)=0 (117)
¢, (x,,0)=0 (118)

Using the separation of variables principle, the solution of equation (115) is assumed to

take the form of:

PX,.¥,)=F, (X)) G, (¥,) (119)

Following the standard procedure of separation of variables the solution becomes:

- . . T,K T,K
45, yg)zz(clge("”g)+c2ge(”<ﬂ”‘g)) [qg Cos[ - yg}rqg sin[ - ygD (120)
m=1

where C,, C,,, C,, and C, are constants and K, is the separation constant with all these

constants as being function of m.. Substituting the boundary condition (117) and (118)

into (120) yields:
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- —K ¥ T,K,
¢(fg,)7g):ZC5ge( “)cos( o ygj (121)

m=1

where C;, is a constant to be determined. A new substitution for the boundary conditions

(116) in ((121) gives:

v, = ZC cos(TK ygj (122)

The dimensionless variable y_ ranges from 0 to 1. The maximum value for the term

K . . : :
cos( hHg fgj is 1 while the minimum value is cos( i J The cosine term in equation

(122) can be neglected if the value of the cosine term approaches 1. The thickness of the
electrodes layer ranges between tens of nanometers to less than one micrometer. This

work assumes zero thickness for the deposited electrodes.

With the relation Z(zi’”j =1, one can write that:

m=1

(L) v, (123)

Therefore solving equation (122) for C;, gives:

v
Cy =22

&= om (124)

As aresult, the potential distribution at the upper part of the microchannel is written as:
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V)=V, 0<X< (125)

_ Ve g _
V(xg,1)=22—j;e - 0<X, <o (126)

where mf=K, and f is a constant to be determined. The two boundary conditions (125)

and (126) can be joined as one boundary condition using the Fourier cosine series as

follows:
V()_c,l)=AO+ZA" cos(nm?) (127)
n=1

where 4y and 4,, can be found as:

H
A, =V, R+ (128)
o 2" mLp

4,=2V,

n

[sm I’lﬂ'R = mpBLcos(nzR)—nzH sin(nzR) (129)

~ 2”’(,32m2L2+n272'2H2)

d
where R is the ratio —.
2L

Following the same procedure, the potential at the bottom part of the unit segment

can be written as:
V(x,0)= —[AO +> 4, cos(nm_c)J 0<x<lI (130)
n=1

Substituting of the boundary condition (130) in equation (109) yields:
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A=—4, (131)
b, =—A4 (132)
A new substitution for the boundary conditions (127) gives:

C=24, (133)

1+cosh[nﬂLHj
b, =4

2m n
sinh ( nrH )
L

(134)

The profile of the electric potential inside the unit segment used for the formulation is

given by the equation:

" 1+cosh[%) 17 I
V(%,7)=4,(2y -1)+ Y_ 4, cos(nzx) s sinh(m; fj—cosh(%j/) (135)
n=l sinh(

/)

4.4.1 The electric field

The electric field distribution is calculated using the composition of the

unidirectional electric field expressed in (87) as it follows:
E(X,y)=E,i+E,j (136)

where ; and j are unit vectors along the x and y directions, respectively. E, and E,

are the components of the electric field vector deduced from the electric potential:
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nrH
o 4 1+cosh[Lj o I
_ 7 _ . (nrH _ nrH _
E (x,7)=) ”L sin(nzx) " s1nh( ; yJ—cosh( ; yj (137)
n=l sinh(j
L
24, & Anr 1+cosh[—m]iHj i I
— n _ nrwi _ . nrwii _
E =——1- 2 h —sinh| ==/~
T e R 039
L

Using the Gaussian surface integration shown in dashed line in Figure 4.2 the following

equality is found:

nrtH
Lo g 1+cosh (Lj o o
niw ni ni
H " sin(2nzR sinh Yy |—cosh| ——y =
OJSZ‘L ( )sinh(n”H) (Lyj [Lyjy
L (139)
1+ cosh (WIHJ
L : —%—Z Az cos(nzx) L cosh(n”H]—sinh [ﬂj dx
w H 4L sinh(””Hj 2L 2L
L
The integration and arrangement of equation (139) gives:
g g q g
" 1+cosh (ﬂj o e o e
> 4,sin(2nzR) L (cosh(”” )—cosh(n” D—sinh [£j+sinh(nﬂ- j =
~ sinh(n”Hj L 2L L 2L
L
140
IL " 1+cosh [ﬂj . - ( .
“2L4 (1 2R)- 3 4, sin2nzR) L_J cosh ( 7z J —sinh ( 7z j
H o sinh [ nrH j 2L 2L
L

b™ to determine the value of the constant

Equation (140) was solved using Matla
S at different microchannel height. Figure 4.4 shows the variation of the constant /5 as the
microchannel height changes. It is found that the constant £ does not relate to the distance
d for length L value greater than 5SH. However, the computation of S for increasing height

of the channel from 20 to 60 pm shows fluctuations of + 3.6% which is due to the

numerical manipulations.
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Figure 4.4: The variation of the constant § as the microchannel height H changes. The
constant £ is used to describe the potential function at the upper and the bottom parts of the
microchannel between the edge of the electrode and the right end of the unit segment. The
value of # was calculated up to three significant digits using Matlab™" based on equation
(53) with (m=n= 100 terms)

4.4.2 Dielectrophoretic force

Equation (84) implies that the dielectrophoretic force acting on particle or cell in
the channel is linearly proportional to the gradient of squared electric field intensity.
Therefore, the gradient of the electric field intensity can be expressed as a combination of

vector components:

OF, OE OF OF
Fppp = 76,8, Re| fCM]((zE1 A28, a—xz}'{zEl §1+2E2 j} j] (141)
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where the derivatives %, oL, ,% and OF, are the sub terms of V(E.E) vector and are

ox Ox Oy oy

given as follow:

OE, _ OE, < An'n’ _ 1+COSh(#J h nrH _\ h nwH _

= o —; i cos(nzx) Sinh(ﬂ) sin ( 7 yj cos ( 7 yj (142)
L

oE, _%_i/‘%’fﬂz - 1+cosh(mij h(mrH j_ . h[mrHj 143

= & =L sin(nzx Sinh(””LHJ cos 7 ¥y |—sin 7 y ( )

In order to compare the results of the analytical solutions with the numerical
solutions, the electrical potential, electric field and the gradient of the term |E|2

(proportional to dielectrophoretic force) are plotted using a Matlab™ code. The
numerical solution is obtained using the COMSOL Multiphysics™ software. The size of
the triangular mesh used in the numerical solution was set to be 0.5 um. Figure 4.6 shows

the contour plot for the electric potential, the magnitude of the electric field and the
gradient of the term |E|2respectively in the unit segment for analytical and numerical

solutions. The analytical formulation of DEP force presented in this paper can be used in
developing models for particles and cells movement in microchannel having two

identical electrodes with opposite sign voltages.

4.5 Experimental results

4.5.1 Micro device design and fabrication

The results of the analytical solution are also validated through experimental work. The
validation is performed using living cells. When an electric potential is applied to the

parallel facing electrodes, the cells will align according to the configuration of the electric
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field. A micro device is fabricated with a channel height of 80 pm, width of 300 pm and
a length of 5 mm. Several metal electrodes mainly 50 pm long with separations of 50 um
and more are deposited by sputtering. The metallic electrodes are made of a layer of
20 nm Ti (as adhesion coating) followed by a layer of 1 um Au. After deposition steps,
photoresist process was used to etch Ti and Au with lodine solution and Hydrogen
Peroxide 35 % respectively to obtain the desired design pattern. The channel is fabricated
with two fused silica glasses separated by an insulator acting as the channel height. The
insulator material used is biocompatible. Input and output holes are created on one of the
glasses to enable the cells, within the media, to travel from the inlet to the outlet. The
transparency of the glass on two sides permitted the visual observation through a
microscope. The device is shown in Figure 4.5. The pattern of electrodes was created
using AutoCAD and the printing was insured through a standard photolithography

process.

Figure 4.5: Picture taken of the experimental device lies beside a Canadian twenty five cent
coin. The Bio Microchannel is made by blue tape and several electrodes are shown in the
picture (DEP, Low frequency and high frequency electrodes). The inlet and outlet holes can
be seen on the top glass
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4.5.2 Cell preparation

Human blood was obtained the same way as described in earlier article by the
authors [181, 185]. The separation of erythrocytes cells from blood is carried out using
Ficoll-Paque Plus product containing 5.7% w/v Ficoll™ PM400 and 9% w/v diatrizoate
sodium was mixed with blood anterior diluted two times with phosphate buffered saline
plus (PBS+) and 2% fetal bovine serum (2% FBS). The complex solution was mixed at
room temperature (25°C) for 30 minutes at 400 x g with brake off. The upper plasma
layer was isolated without disturbing the interface between Ficoll™ and plasma.
Subsequently the red blood cell layer was removed and suspended in a solution of 8.5%
(w/v) sucrose plus 0.3 % (w/v) dextrose buffer that provides a low conductivity media for
the dielectrophoretic phenomenon [186]. Media conductivity has been adjusted to
5 mS/m by adding a small amount of Trypsin in 0.53 mM EthyleneDiamineTetraacetic

Acid (EDTA).

4.5.3 Experimental set up and procedure

The response of the living cells was observed under the effect of DEP.
Erythrocytes cells suspended in the sucrose/dextrose low conductivity media were
injected into the micro device. The cells concentration has been chosen to be 10° -10° per
ml and suspended in 5 mS/m media. The flow of cells and media in the device has been
controlled by a syringe pump (Harvard Apparatus). The experiments have been
performed at different flow rates up to 0.5 ml/hr. Experiments employed other equipment
including an inverted microscope (Omano OM900) equipped with a digital camera

(Moticam 1000) and a computer. AC signals (Tektronix CFG280) of 100 KHz and higher
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with voltages from 2 to 10 Volts peak were applied to the two electrodes. From 100 KHz
to 1 MHz, red blood cells experienced a positive DEP phenomenon and gathered all
around the finite size electrode with the higher density of cells at its edge. This
phenomenon was observed on both electrodes. The high end of the applied voltage (about
10 Volts peak) induced an elongation of the red blood cells with elastic and plastic

behaviors.

4.6 Results and discussion

The analytical results obtained with the Fourier series method are compared with
a Finite Element Analysis code COMSOL Multiphysics™ software. The value of the

constant f# characterizing the Fourier series 4,and A was calculated for different channel

height. The constant f (Figure 4.4) is used to calculate the electric potential at the upper
and the bottom parts of the microchannel between the edge of the electrodes and the right
end of the unit segment. For channel heights between 20 and 100 um, the constant
value is close to 2.85. The value goes to around 3.9 for channel heights of
300 wm. The analytical results for the electric potential, the electrical field and the

gradient of (E.E) terms were calculated using Matlab™

and the number of terms included
in the solution was chosen to be 300 with L value set to 5H. Increasing the number of
terms more than 300 in the solution caused no noticeable change in the results. The mesh
size used in the numerical solution was set to be 0.5 um. The slight difference between

bTM

the numerical results and the analytical ones in Figure 4.6 is due to Matla round off

error when calculating Sinh and Cosh functions with large parameters.
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Figure 4.6 shows the analytical and simulated results for the electric potential, the
electrical field and the gradient of (E£.E). Analytical results show very good agreement
with simulated results. Figure 4.6 shows that the electric field reaches its maximum value

at the edges of the pair electrode and it decreases at positions far from the electrodes.

This analysis assumed that the right side of the unit segment is at a finite distance
L from the left extremities. This assumption was validated by observing the error
percentage of electric potential as L value changes at different selected points in the

domain. Figure 4.7 shows the error percentage of the electric potential

Z Vi =V, )2

100x | ==————— of the entire domain. The step size in x and y direction were
2
ZVHI
n=1
taken to be 2 um. The parameter shows that with the assumption of L value to be more
than 3H, analytical solution calculation does not influence the results. These results
confirm the hypothesis of a finite distance used in this work. Moreover, the presented
analytical solution shows that the channel height is inversely proportional with the

magnitude of the DEP force.
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Figure 4.6: Comparison of analytical results and numerical simulations for the electric
potential (V), magnitude of electric filed (V/m) and the gradient of V(E.E )(Vz/m3).

Numerical simulations were obtained by finite element methods using COMSOL
Multiphysics™. The contour plots of the same level in the microchannel are shown for
analytical and numerical results respectively. The thick lines at the top and bottom of the
figures represent the electrodes and calculation were carried out using (upper electrode
voltage of 10 Volts, lower electrode voltage of -10V, d=50pm, and H=60pm)
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Figure 4.7: The error percentage of the electric potential in the microchannel as the
L
parameter Echanges. The step size in the x and y direction is selected to be 2 pm and the

values of d and H were assumed 20pm and 60 pm respectively

Vector plots of dielectrophoretic force obtained analytically are shown in
Figure 4.8a. The vector plot shows the direction and the magnitude of the DEP force in
the micro device. Based on these results most of the cells should move and accumulate at
the corner of the electrodes. Microscope taken picture of the experimental results of the
behavior of red blood cell to positive DEP force under a sinusoidal voltage of 2 Volts
peak and a frequency of 1 MHz is illustrated in Figure 4.8b. The analytical data and the
experimental results are in a very good agreement. As expected, the dielectrophoretic
force is at its maximum at the edges of the electrodes. Cells have been attracted by
positive DEP and accumulated at the edges as shown in Figure 4.8a,
Figure 4.8b and Figure 4.8c. In Figure 4.8, one can clearly see that the larger electrodes

90



(100 pm), with better edge resolution during photolithographic process, show larger
positive DEP force at the edges compared to the smaller electrodes (50 pm) having large
curvature radius at the edges. When the applied voltage is increased to 10 Volts peak, the
high electric field obtained between the two pair electrodes affects the shape of red blood
cells changing them from biconcave to elongated ellipsoid shape in only few seconds
(Figure 4.8d). No lysing was observed. Most of the red blood cells have recovered their

original shape when the voltage was reduced.
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Figure 4.8: Analytical and experimental results (a) Vector plot of the magnitude of V(E.E )

using the analytical solution (the electrodes are shown as thick lines); (b-d) Microscopic
images showing the accumulation of red blood cells under positive DEP force with different
applied voltages (b) 2 Volts peak and 1 MHz with round edges electrodes (c) 2 Volts peak, 1
MHz with sharps edges electrodes (d) 10 Volts peak, 1 MHz. Clustering of the cells
correspond to the configuration of the electric field
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4.7 Conclusions

In this analytical study, the microchannel DEP force strength and distribution is
determined using an analytical solution through Fourier series for Laplace equation. The
analytical solution gives information about the electric potential, electric field and DEP
force acting on particles within a microfluidic channel. A judicious Gaussian surface
analysis permitted the determination of all Fourier series parameters. The analytical
solution was compared with the numerical simulation results and with the experimental
data and the results showed a very good agreement among them. Since the electric field
reaches the maximum value at electrode edges, electrodes with sharp edges create higher
DEP force compared to electrodes with less sharp edges (more curvature shape). An
increased of electric voltage on the electrodes changed the shape of the red blood cells
and moreover, some did not return to their initial shape after the removal of the electric

voltage.

The advantage of having the analytical solution is that it can provide some insight
to the designer in the understanding of specific influence of geometric parameters of the
physical design for appropriate cell manipulation within a microchannel. The analytical
solution also provides a way to estimate cell transport trajectory within the microchannel
with variation of channel characteristics such as the height, the electrodes dimensions and
others physical parameters. Thus the analytical solution provides a very useful tool for
the microfluidic system used for cell manipulation. The analytical solution could also
provide the user with the capability to design the geometry of the electrodes for a desired

configuration of the electric field within the microfluidic channel for DEP manipulation.
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The experiments results confirmed the DEP phenomena aligning with the modeling

results. Red blood cells aggregated according to the force distribution found analytically.

4.8 Chapter summary

This chapter presents the theoretical analysis of the DEP force within a
microchannel with parallel facing electrodes and opposite applied voltages. Simple
mathematical solution is used to evaluate the electric potential, electric field and
dielectrophoretic force using Fourier series with simple trigonometric and exponential
functions. The exact distribution of the DEP force in the microdevice with the studied

electrodes is important information for design parametric study.

All mathematical details and boundary conditions are given to reach the final

results for DEP force distribution

With a designed and fabricated Bio-micro devices the analytical solution is
compared with the experimental data. The measurements with the device use RBCs

within the suspending media and experimental DEP force are assessed.
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Chapter 5: Designs, Simulation and Fabrication of
Micro Device for Cell Centering, Single Cell Detection and
Characterization

5.1 Introduction

In the last two decades, with the advance of Bio MEMS (Bio Micro Electro
Mechanical Systems) components and Lab on a chip concept, several methods were
developed to characterize different cells or particles present in a biological media
suspension. Most of these methods used single cell detection and characterization with
different measurement techniques. These measurements provide information on cellular
characteristics such as size, complexity and cell dielectric properties at low frequencies.
This chapter provides the details of the design and fabrication process of a technique that
produces hybrid microfluidic system with parallel facing electrodes using glass as base
material. The fabricated micro device is used to center, detect and characterize the
dielectric properties of a single biological cell at low and high frequencies. Two fused
silica glass substrates with deposited gold electrodes and separated by a patterned silicone
gasket layer are clamped together between two aluminum blocks ensuring a hermetic
microchannel of 300 pm width by 50 pm height for measurement of a single living cell in
a biological media without the use of pressurized or high temperature equipment. The
technique is based on screen printing of silicone rubber on fused silica substrate with high
reproducibility, fast fabrication and low cost. The manufactured packaged device is tested
for dielectrophoresis particle focusing within the center of the channel. The success of
this unique fabrication process enables the development of complex prototypes for
biological applications such as single living cell detection, optical detection by
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introducing optical fibers, microwave detection of biological fluids and particles, and

other assays.

Microfluidic devices have multiple applications in different fields such as
chemical synthesis and sensing, and biomedical solution testing and analysis [187, 188].
Diversity of microfluidic chips have been used by researchers for different applications
with different designs and fabrication processes using structures made by plastics such as
polymethylmethacrylate (PMMA), glass and silicon. The channels were constructed with
SU-8 epoxy based negative photo-resist and polyimide [34, 189-191]. Other channels
were embedded in polydimethyl siloxane (PDMS) presenting unique features and
allowing 2D electrode systems for protein and cell manipulations [190, 192-195]. With a
substrate material of PMMA, silicon and glass substrate, dry etching, wet etching,
injection molding, laser ablation and high temperature stamping/embossing or imprinting
process were used to create channels, and hermetic sealing were achieved using wafer

level bonding and adhesive film bonding [34, 187, 191, 193, 194, 196].
This chapter presents two devices for cell assessment and characterization:

e Device 1: To study the effect of the exposure of RF energy on living cells,
permitting the determination of RF operation frequency and power level for single

cell characterization

e Device 2: For single cell centering, cell detecting/counting and cell

characterization.

Fabrication procedures and details are given for the two devices. The device for
RF exposure uses copper tape stripes over the 96 well plates and the RF signal is injected

through SMA connectors. In the following section, adapted version of the poster
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presented at the ARVO and simulation results at COMSOL conference are provided. In
the subsequent section, all the details of the microfluidic device are adapted from the
paper to be submitted to a scientific journal. Single cell characterization microfluidic chip
is obtained by screen printing or serigraphy of patterned silicone rubber layer on fused
silica having gold patterned electrodes. Two aluminum plates retain the two fused silica
wafers and ensure a hermetic sealing for the microfluidic chip. The main benefit of this
microfluidic chip resides in the design and fabrication process of a simple, fast, low cost
and 3D hermetic ‘easy sealed’ channel with integrated parallel facing electrodes that can
yield to separate living cells. The aim of this micro device is to develop a system suitable
for cell or particle analysis and characterization. This objective is achieved by focusing
the cells to flow one by one at the center of the microfluidic chip. This micro device is
fabricated and its operation effectiveness was confirmed by negative and positive
dielectrophoresis (nDEP and pDEP) force application on polystyrene particles and

Saccharomyces cerevisiae or budding yeast cells.

5.2 Effect of Non Thermal Radio Frequency Radiation on Uveal
Melanoma Cells

5.2.1 REF signal exposure on living cells

The investigation of RF effect on cells is important to insure the viability of cells
under electromagnetic exposure. Such test enables to determine the power levels with its
associated operation frequency for future RF measurement and testing. In fact during the
exposure of RF signal on living cells, the cells shall not be altered. This investigation

requires an experimental set-up to apply the RF energy on cells and an evaluation process
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and mechanism for cell viability. Waves in the frequency ranges of RF/Microwave affect
the particles or cells by 6 relaxation (orientation polarization of particles) in Rayleigh
region. The Rayleigh scattering happens when the particles are very small compared with
the wavelength of the RF/Microwave signal. The radiation penetrates the cell membrane
and dielectric properties affecting the content of the biological molecules. The Rayleigh
scattering is based on absorption, reflection or scattering of the electromagnetic energy at

the contact with the particles.

5.2.2 Specification of the RF signal frequency and the power level

on normal and cancer living cells

Predetermined specifications are required to design and fabricate the
measurement apparatus and determine the overall set-up and evaluation process. The
RF/Microwave spectrum being too large, it was decided to limit the exposure frequencies
from 1 GHz to 3 GHz for measurement practicality purposes, keeping in mind that the
Industrial, Scientific and Medical (ISM) [23] radio band covers the frequency range from
902 MHz to 5.875 GHz.. The microwave oven frequency is identified as 2.45 GHz. The
power level was limited to 20 dBm or 100 mWatts out of the RF generator in 50 Q load.
The choice of this power level is appropriate since most of the RF/Microwave equipment

power levels are less than this power level.

The goal of this study is to examine and investigate the effect of low power Radio
Frequency (RF) effect on the human uveal melanoma cell lines 92.1. The effect is
measured and assessed by proliferation assays on cell lines exposed to RF radiation. In

addition, the aim is to determine a method and set-up to perform viable experiments for
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proliferation and further apoptosis assays and evaluations. In the literature, assessment of
low level RF frequency is performed to see the negative impact of that radiation on

human’s cells [197-202].

5.2.3 Determination of frequency and power level of RF signal

Nowadays, very little studies are conducted to investigate and evaluate the effect
of low power electromagnetic radiation on melanoma cells and assess proliferation,
apoptosis and quality of the invasive assays. The proliferation assay on cancer and
normal cells under the application of low power RF signals could help the evaluation of
radiation effect on melanoma cells and the RF characterization/detection in micro
cytometry. Therefore the experiment aims to establish the effect of the exposure of non-
thermal electromagnetic field radiation on melanoma and fibroblasts cells by proliferation

assay.

5.2.4 RF apparatus and measurement set-up

Several RF pieces of equipment and systems are used for measurements namely:
e RF/Microwave generator (Agilent 83732B)
e RF/Microwave spectrum analyzer (Agilent 8593E)

e RF electrodes made of 3 copper adhesive stripes (taper shaped on one end)
connected to 3 RF SMA connectors. The RF ground plane is insured through a
single block of copper metal. The RF electrodes and the RF ground plane are

separated by the 96 well plate and held by a Plexiglas corner blocks
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RF/Microwave frequency band with a power level of 100 mWatts is divided into three

ranges namely:

e Range 1 (1 GHz to 1.6 GHz)

e Range 2 (1.7 GHz to 2.3 GHz)

e Range 3 (2.4 GHz to 3 GHz)

These ranges were chosen to accommodate the designed measurement apparatus and the

overall measurements time was less than 2 hours for the viability of cells.

Figure 5.1 shows the picture of the apparatus and Figure 5.2 presents the complete

measurement set-up

Figure 5.1: The RF electrodes with copper stripes and 3 SMA connectors. The generator is
connected to one of the inputs of the RF apparatus for RF radiation exposure. Uveal
melanoma cell lines 92.1 and Fibroblast in a media are filled in 96 well plates
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Figure 5.2: The generator is connected to one of the inputs of the RF apparatus for RF
radiation exposure. Uveal melanoma cell lines 92.1 and Fibroblast in a media are filled in 96
well plates

5.2.4.1 Methods

The 92.1 cell line was derived from a choroidal melanoma and has been proved
by previous studies from Witelson Ocular Pathology laboratory to be highly proliferative
and invasive in nature. The fibroblast cell line was derived from human foreskin. The
92.1 and fibroblast cell lines were cultured until confluence. Media was changed

biweekly and was monitored for signs of contamination.

Cells were passaged by treatment with 0.05% Trypsin in EDTA (Fisher) at 37°C
followed by washing in 7 ml RPMI 1640 before centrifugation at 120 x g for 10 minutes
to form a pellet. Cells were next seeded into a 96 well plate at a concentration of

5.0 x 10° cells per well.

The first, sixth, and eleventh columns contained the 92.1 cell in six fold (six rows
per column) while the second, seventh, and twelfth columns contained the fibroblast cell

lines, also in six fold. A second 96 well plate following the same experimental setup
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(containing 92.1 and fibroblast cells) was used as a control. While this plate was not
exposed to RF radiation, it was removed from the incubator and placed in a sterile

environment at 21 degrees Celsius while the first plate was exposed to RF radiation.

The RF energy is injected through the 3 SMA connectors and swept from
1 to 3 GHz with a generator power level of about 100 mWatts. The first and second
columns are exposed to the frequency range 1 (1 to 1.6 GHz) for 35 minutes. The sixth
and seventh columns are exposed to the frequency range 2 (1.7 to 2.3 GHz) for
35 minutes. The eleventh and twelfth columns are exposed to the frequency range 3
(2.4 to 3 GHz) for 35 minutes. Each range (1, 2 and 3) is composed by 7 discrete

frequencies with steps of 100 MHz.

5.2.4.2 Proliferation test

Cells were allowed to adhere overnight before the start of the Sulforhodamine B

based (TOX-6).

The experimental protocol can be summarized as follows: culture media was
removed from all wells and 25 pl of Trichloroacetic acid was overlaid atop each well to
fix the cells. Plates were next incubated for one hour at four degrees Celsius and then
washed to remove the excess acid. A solution of Sulforhodamine B was then added to
each well for 30 minutes of staining. Next cells were washed several times with 1%
acetic acid before the incorporated dye was finally released by a tris base solubilization

solution. Dye absorbance was read with a microplate reader at a wavelength of 565 nm.
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5.2.4.3 Experimental results and discussions

RF Energy was swept over band ranges of 21 discrete frequencies with
100 MHz separation. Continuous sweep from 1 to 3 GHz was applied to each of 3 RF
connectors for a total period of 35 minutes per connector. This limitation was used to
keep the cells outside the incubator for no more than 2 hours (within 2 hours the cells
were considered viable for RF tests). It was desired to apply RF radiation for longer
period. This could be done by inserting the well plate into the incubator and applying the
RF energy in the incubator. Care must be taken to not affect the other cells in the

incubator by the RF energy.

The reflection coefficient at the input of the each connector was not uniform with
respect to the frequency ranges (1, 2 and 3). This has a power variation effect on the RF

radiation within the 3 bands of frequencies.

Energy level on cells within the six fold column of wells was different due to the
variation of power level on RF micro strip lines. Several well plates were subjected to RF
radiation in order to increase the statistical validity of the results. Therefore, proliferation

results were an average number per column and number of well plates

The proliferation results on cell lines 92.1 showed a reduction from 2 to 9 % over
the frequency range from 1 to 3 GHz as shown on Figure 5.3. The proliferation results on
fibroblast cell lines showed an increase from 7 to 53 % over the frequency range from 1

to 3 GHz as shown on Figure 5.4.
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Proliferation of Uveal Melanoma cell line 921

Control F1 F2

Frequency ranges

Figure 5.3. RF radiation proliferation results on 92.1 uveal melanoma cells in a media. F1,
F2 and F3 present RF frequency ranges of (1 to 1.6 GHz), (1.7 to 2.3 GHz) and (2.4 to 3
GHz) respectively. The vertical axis presents the proliferation rate compared to the control
92.1 cells that were not subjected to RF radiation. The value of 0.9 for the control is an
arbitrary value obtained from the proliferation test results

Proliferation of Fibroblast

Zontral F1 F2

Frequency ranges

Figure 5.4. RF radiation proliferation results on Fibroblast in a media. F1, F2 and F3
present RF frequency ranges of (1 to 1.6 GHz), (1.7 to 2.3 GHz) and (2.4 to 3 GHz)
respectively. The vertical axis presents the proliferation rate compared to the control
Fibroblast cells that were not subjected to RF radiation. The value of 0.15 for the control is
an arbitrary value obtained from the proliferation test results
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Amplitude and phase modulated RF/Microwave radiation needs further
investigation. For stronger electrical field on the cells, a special apparatus with 2 mm
separation between RF electrodes are made to see the visual changes of cells under the
RF radiation (Figure 5.5). Electrodes are formed by evaporation of Indium Tin Oxide on
microscope glass slides. The electrodes are conductive for RF signal and transparent for
cell observation. This set-up cannot enable a direct proliferation assay. At this stage, the

evaluation of cells exposure with this apparatus was not performed.

Figure 5.5. New RF apparatus to inject RF radiation with stronger electrical field. The RF
signal can be injected through the SMA connector. Indium Tin Oxide (ITO) films are
evaporated on the two glasses acting as the conducting electrodes and permitting visual
observation under the microscope

RF/Microwave radiation at low energy affects human uveal melanoma cell lines
92.1. The effect is seen through the reduction of proliferation in the frequency range
between 1 to 3 GHz. Based on the proliferation results on uveal melanoma cells, it is
anticipated that with RF energy much smaller than 20 dBm (about 0 dBm and less) the

effect will be almost negligible.
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RF/Microwave radiation at low energy affects fibroblast cell lines. The effect is

seen through the increase of proliferation in the frequency range between 1 to 3 GHz.

Future studies suggest repeating the findings on other uveal melanoma cell lines
with additional apoptosis assays. Evaluation across a wider frequency ranges and longer
radiation exposure time are desired and anticipated in the future with more uniform
power level on RF lines. The simulation structure with COMSOL finite element analysis
(FEA) [203] of the electrode stripes on the center well column of the RF apparatus is
described in Figure 5.6. Figure 5.7 shows the return loss of the input port versus the
frequency. The return loss close to 3 GHz is better than 12 dB. At other frequencies poor
return loss indicates that a big amount of energy is returned back to the source instead of

radiating.

A mismatch adaptation circuit would improve the return loss over the

measurement frequency range.
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Figure 5.6. The FEA simulation structure of electrode stripe on middle column of wells of
the RF apparatus
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Figure 5.7. Return Loss of the input port of the RF apparatus versus the frequency

5.3 Single Cell Characterization Device

The role of the single cell characterization microchannel device is to permit the
injection of cells by focusing them at the center of the microchannel. Then the cells are

present one by one in a zone where the RF/Microwave signal is injected, and

transmission/reflection of that signal is measured.

5.3.1 Materials

Before discussing the design and fabrication of microfluidic chip, several points

need to be addressed for the choice and availability of the:

e Equipment and facilities
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e Needed technologies

e Desired application

e Channel features, such as dimensions, biocompatibility and sterilization

e Substrate and electrode materials

e Restrictions of the application. With the targeted widths and gaps in the order
of few tens of micrometers, one mask photo-exposer and grey room access

would be sufficient during the micro device fabrication.

The features used for the design and fabrications of this microfluidic chip are

summarized as follows:

e Biocompatible microfluidic chip materials

e Inlet and outlet holes for liquid fluid access for count and flow

e Cross section of the channel within tens of micrometers in size and tolerance
of micrometer, in the specific case of 300 um width x 50 pm height

e Possibility to reuse the structure for performance evaluation purpose

e Ensure no leak from the channel

e Overlapped electrodes with at least 50 um width and gaps, within the channel
for dielectrophoresis application (moving and sorting) and for low and high

frequencies detection and characterization.

As it is observed, most of these characteristics are standard for all microfluidic
chips. The major difference, beside its specific dimension for this design, resides in the
overlapping parallel facing microelectrodes. In fact, the tight dimensions and overlapping

electrodes feature require an innovative design and fabrication process.
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5.3.1.1 Channel substrate material

The fabrication of the microfluidic chip is intended to enable the observation, the
manipulation, the detection/counting and the characterization at low and high frequencies
of biological cells within a media injected in the microchannel. In order to observe the
cells or particles moving in the channel under a microscope, two practical solutions were
available for the substrate material: transparent plastic or glass. PMMA material showed
some difficulties of warping while depositing electrode materials by sputtering technique.
This is due to the high temperature during the deposition process. The use of cyclic olefin
copolymer supporting high temperatures would be a solution but it has some
disadvantages in the precision of the photolithographic process and achieving low
electrical resistivity electrodes with simple deposition process [204]. Glass material also
showed some drawbacks. After several iterations of microfluidic circuit fabrication, glass
substrate started to crack under even low pressure. In fact, media inlet and outlet holes
made by laser ablation or by alumina powder abrasion showed some micro cracks in the
glass creating serious issues related to leaks in the micro device, and thus jeopardizing
the hermetic sealing of the microfluidic circuit. As a solution, fused silica glass was
chosen as the substrate material due to its excellent mechanical, thermal and electric
properties compared to PMMA and glass. The flow rate in rectangular cross-sectional
microchannel is higher than the flow rate in other shape of microchannel cross section
[31]. In the single cell characterization device, the flow rate is not a dominant desired
requirement, nevertheless since the rectangular shape channel fabrication is more
practical, then the fabricated channel for this application will have the rectangular shape

cross section.
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5.3.1.2 Electrodes Material (Thin Film)

In general different electrode materials are used to pattern electrodes in a
microfluidic chip: such as copper, gold and other such metals. The biocompatibility of
the electrodes material, the reduced frequency electrolysis corrosion effect of the
electrodes [205] and the possibility to clean the channel with ethanol and other solvent
had directed to the solution of using gold as electrode material. Titanium was used before
patterning gold electrodes for good adhesion of gold on the fused silica substrate. Thin
film Indium Tin Oxide (ITO) could have been a possible solution also used for its optical
transparency, but for this application under-electrode transparency was not required for
the stated objective. Moreover, ITO resistivity is significantly higher than gold (under
some conditions of deposition, ITO layer has a resistivity 60 times higher than layers

with ITO/gold) [206].

5.3.2 Channel fabrication

The presence of parallel facing electrode configuration in the channel did not
permit the use of PDMS. Most of the time PDMS is used for patterned planar electrodes
on a hard material like glass or PMMA and embedded PDMS ensures only the realization
of hermetic 3D channel. Since the height of the channel is set to 50 pm, several solutions
were considered to create the microfluidic chip. The use of double-sided adhesive tape
with a certain thickness (ARclearTM 8154, Adhesives Research, USA) and patterned
with the desired shape of the channel could be used to create the 3D channel. This
solution could ensure a hermetic microfluidic chip but the microscopic alignment of the

parallel facing electrodes for a specific design would become a difficult task due to the
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tight dimension specifications at electrode overlapping stage and the complex alignment
manipulation of double sided adhesive, requiring specialized sophisticated alignment
equipment. Photo-imageable film was used to form the channel by photolithography.
This material is commonly used in photolithography of Printed Circuit Board (PCB), but
the issue of hermetic channel sealing is difficult to overcome at the edges of the substrate
when glue was used. It is noted that any liquid glue can infiltrate by surface tension,
diffusion or dispersion and can clot the channel. Moreover, the use of alcohol and other
solvent for subsequent sterilization stages limits the use of this film given the solubility

with alcohol or other solvent.

Therefore, the interesting solution was in creating the channel with screen printing
liquid silicone rubber (GE112A, General Electric) on the first fused silica wafer with a
metal mask made at the desired shape and height of the channel. This material is
biocompatible, resistant to solvents and cleaning solutions used in clinical applications.
Its most important characteristic is that it remains soft after curing permitting a perfect

sealing of the channel.

5.3.3 Hermetic channel and flexibility of channel re-utilization

Silicone rubber rings were also screen printed on the second fused silica substrate
in which previously the appropriate holes were made. The complete structure was sealed
by squeezing and retaining the two fused silica substrates between two aluminum blocks
while aligning the parallel facing electrodes overlapping under the microscope. The
thickness of aluminum blocks were designed for good flatness. The tightening of the two

aluminum blocks with four two screws during the alignment ensured the hermetic sealing
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of the microfluidic chip. The pressure applied on each screw is less than 0.1 MPa to
ensure a value less than the polymer yield strength. This microfluidic chip could be
flushed and cleaned with alcohol or ethanol without affecting the silicone rubber layer

and keeping the channel hermetic.

5.3.4 Fabrication procedure

Figure 5.8 shows a picture of the assembled structure of the microfluidic device.
The inlet and outlet ports are made of aluminum insert studs within the aluminum block,
giving more mechanical resistance to the applied pressure from the inlet/outlet tubing.
These ports are connected to the glass structure via the holes in the studs. Sealing
between fused silica holes and the aluminum block studs are ensured with the silicone

rubber rings.

Figure 5.8: Assembled structure of the microfluidic device

Figure 5.9 shows a cross section and side cut views of the actual device. As
indicated earlier, fused silica glass is the final choice for the substrate given its

mechanical and optical properties. On these substrates a thin film process for the
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fabrication of the electrode is used. Gold is retained as electrode material for its
biocompatibility and low resistivity. The fabrication steps are the following: cutting the
substrates, patterning the electrodes, drilling the holes, creating the channel and

assembling for hermetic sealing.
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Figure 5.9: Cross section view (a) and side cut view (b) of the entire structure
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After cutting the substrates and the patterning the electrodes on the substrate, two
holes one each end of localization of channel were drilled to enable the fluid reach the
channel. Then a thin layer of silicone rubber is applied using screen printing technique
aligned with respect to the holes are the electrodes. The pattern of silicone rubber, to
create the microchannel, is printed on one layer of the substrate. Ring of silicone rubber
patterns are made surrounding the holes on the second substrate. After curing the silicone
the substrates are aligned together in micron range with respect to the interrogation
electrodes to obtain the 3D structure. In final step, the two substrates are mounted
between two aluminum blocks, and the entire unit is tightened at the optimal pressure by
screws on each corner to ensure that no leaks on the channel and the port connections are

present.
5.3.4.1 Substrate preparation

The following steps describe the preparation of the channel substrate:

e Fused silica wafer of seven inches square with 1 mm thickness was cut to
obtain two pieces of 1 x1*"® inch fused silica substrates using diamond saw
e The two substrates were cleaned by ultrasonic bath using strong degreasing

solution and final cleaning with acetone.

5.3.4.2 Electrodes Deposition (Thin Film Process)

The thin film process is based on wet etching process using standard lithography.
Prior to make the lithography a set of masks was required to pattern the desired structure.

Due to the symmetry of the structure design, only one mask with alignment marks was
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required for patterning the electrodes on both fused silica substrates. The steps for

printing the electrodes on the first substrate are the following:

The metal was deposited by sputtering (Plasma Science Inc. Model 150). A
layer of 20 nm Ti (as adhesion coating) was followed by a layer of 1 pm of
Au

The photo resist was spun having a final thickness of 3 um

The mask 1 was aligned to the substrate 1 and exposed with standard UV
mercury lamp integrated to the mask aligner (OAI, Model 200)

This photo resist (AZ1518) was developed to get the desired electrode
pattern

The Au was etched using lodine solution at room temperature for 2 minutes
The Ti was etched using Hydrogen Peroxide 35% at 70 °C for 10 minutes

The resist was stripped off and the substrate was cleaned with acetone.

The thin film process block diagram is given in Figure 5.10. Those steps were

repeated for the second substrate using the same mask 1. The first substrate is at the

bottom of the structure according to figure 2 and the second substrate is at the top of the

structure. On the second substrate two holes are required to allow the fluid pass through

the microfluidic channel.

114



Substrate
Preparation

Deposition of
Gold

Printing Mask
of Electrode

Patterning of
Electrode

Drilling holes

Cutting metallic
Mask

Printing silicone
Channel

Printing Silicone
Gasket

Assembly

5.3.4.3 Holes drilling

better results.

Figure 5.10: Block diagram of thin film process and channel fabrication

Drilling holes on fused silica substrate is a difficult task for many reasons. The
laser technique does not work well as glass is transparent. After several trials, it was
realized that small cracks induced by the huge thermal load were created making the

substrate fragile and not appropriate for the next steps. The abrasion technique gave much
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The abrasion technique is simple and less expensive than laser, but its drilling
produces less accurate holes than laser. For this application the accuracy of holes
positioning was not a critical issue. A micro jet of alumina powder was sprayed on the
second substrate at high pressure 100 PSI. The minimum size of nozzle available on the
market is 250 pm and the alumina powder grain size is 50 pm. This nozzle was mounted
on a small X-Y table to make possible the alignment to the substrate. After 1 minute of
blasting, a hole of roughly 250 um in diameter was drilled on the 1000 pum thick
substrate. To increase the size of this hole, second and third holes were drilled adjacent to

the first one to obtain a total hole of roughly 500 um in diameter.
5.3.4.4 Channel fabrication process

To generate the channel, several iterations were tried using many materials. The
most appropriate material found was the silicone rubber. Silicone includes all the

qualities sought for the application. The steps to create the channel are the following:

e For the printing of silicone, a screen was patterned on a sheet of brass with
60 um thickness by laser ablation using mask 2

e For alignment, the substrate 2 was attached on a Plexiglas base

e Using a microscope, the brass screen was aligned over the substrate 2 and
fixed

e A small quantity of silicone rubber was applied over the screen using a small
squeegee

e After the screen was removed, touch up was used to close the edges of the
two round sections silicone rubber. The silicone was left for 12 hours curing

at room temperature
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e The same technique of screen printing was used to create the two silicone

rubber rings with mask 3.

The patterned brass screens for the microchannel and the sealing rings are shown
in Figure 5.11. Figure 5.12 shows a picture of the channel formation on the substrates. In
this figure, the electrodes for focusing the particles and measurement at low and high
frequencies can be observed. The white colored material on the top of the fused silica
substrate and the gold electrodes represents the silicone rubber that will form the

microchannel.

(@) (b)

Figure 5.11: Patterned screen used for screen printing the silicone rubber creating the
microchannel - mask 2 (a) and the sealing rings - mask 3 (b)
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Figure 5.12: Sandwiched fused silica substrates showing the channel and the parallel facing
electrodes

5.3.4.5 Channel sealing and structure assembly

To ensure a good hermetic channel sealing, the silicone ring layer as described
earlier was selectively deposited around the inlet/outlet holes at the location where the
aluminum block’s holes were pressing the substrates. With the help of the two aluminum
blocks and the four screws, the two substrates were aligned under the microscope and the
screws were tightened with controlled pressure ensuring good sealing of the channel and

the final structure. Circular openings were created in the middle of both aluminum blocks
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to permit the observation or visualization of the electrodes and biological cells within the
microchannel. With the softness of the silicone rubber the squeezed channel thickness

was approximately 50 pm and the channel width close to 300 pm.

5.3.5 Microfluidic chip integration

Figure 5.13 shows a picture of the microfluidic chip associated with all the
electronic circuits for the focusing of cells to the interrogation point, for the detection, the

counting and the characterization of cells at low and high frequencies.

Figure 5.13: Integrated microfluidic channel with electronic circuits for system control and
measurements

5.3.6 Simulation

To validate the microfluidic chip design and demonstrate the multiple operation

of the device on living cells at the interrogation point, dielectrophoresis (DEP)
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experimentation was performed using non uniform electric field by the focusing

patterned electrodes.

Dielectrophoresis was first time described as the motion of neutral, polarisable
particles subjected to non-uniform electrical fields [207]. Non uniform electrical field can
be created using an array of metallic electrodes with a certain arrangement or
configuration [113, 191, 208, 209]. The expression of dielectrophoretic force acting on a
spherical polarisable cell placed in a non-uniform electrical field within a media was

already seen in previous chapter as:

F,,, = ng,&, R’ Re[ f,,, IV(E.E) (144)

The fabricated microfluidic chip configuration enables centering of particles in a
single stream with a negative DEP (nDEP). As the suspended particles in the media are
introduced into the channel, the particles can either be focused towards the center of the
channel due to nDEP or attracted by the electrodes due to positive DEP (pDEP), both
phenomena created by the applied AC electric voltage on the electrodes with specific
frequency. The amplitude of the resultant DEP force depends on the polarizability
difference of the particles and its suspended media, the non-uniformity degree of the
applied electric field and its frequency. Design parameters and material properties are
such that the vector force resulting from DEP and drag force on the particle will direct the
particle toward the center of the channel at the measurement interrogation points (with

nDEP) or to the edges of the focusing electrodes (with pDEP).

Figure 5.14 shows the schematic representation of the focusing principle. The

trapezoid electrodes with non-uniform electric field induce positive gradient of the
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electric field and are designed to focus single cell at the center of the microchannel
followed by other patterned electrodes for cell or particle characterization. The control
parameters for nDEP effect are the proper media conductivity preparation and the

frequency of the applied signal on the focusing electrodes.

Figure 5.14: Focusing principle based on negative dielectrophoresis. Particles injected at the
input of the channel follow the direction of the arrows and they are focused at the center of
the channel. The two different colors on the electrodes represent the applied two electric
potentials

10000 300.00

Different electrode configurations are used for particles manipulation and
measurements. Figure 5.15 shows the configuration of the electrodes for particle focusing
and the particle measurement at low and high frequencies. Two stripes of electrodes for
low frequency measurements are located after the focusing trapezoidal electrodes
followed by other high frequency measurement and focusing electrodes. The gaps and
electrode widths between the focusing and high frequency measurement electrodes are
designed to be the minimum process applicable dimensions (50 pum) to ensure the

centering of cells at the RF/Microwave interrogation point. All these electrodes are
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necessary for the versatility of the operation of the micro device mainly for focusing,

detecting, counting, characterizing and sorting of single living cell.

Electrodes for Focusing

Electrodes for Measurement
k]

Electrodes ‘ Focusing

\‘..,.. -

-

Figure 5.15: Close up picture, through the aluminum blocks’ opening, of the microchannel
with the focusing and measurement electrodes

In pressure driven steady state flow, the velocity of the particle can be determined
from the vector force equilibrium between the DEP, hydrodynamic drag, gravity and

buoyancy forces [183]:

Fppp + Fprag + Foraviry + Feuoyancy =0 (145)

With gravity and buoyancy forces assumed as negligible, equation (145) becomes:

Fpgp + Fprag =0 (146)

From Equations (145) and (146) it is obvious that the main force contributions are the

DEP and drag forces. Therefore, with a DEP force dominating the drag force at low flow
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speed in the microchannel, the control of the movement of cells in the microchannel is
ensured by properly choosing the conductivity of the media, the applied signal frequency

and its amplitude.
5.3.6.1 Simulation Results

Particle trajectories in the microchannel (Figure 5.14) were predicted using
commercial Finite Element Method (FEM) Software (ANSYS, COMSOL
Multiphysics™) and Matlab™. The electric field and the gradient of its square were
numerically studied to understand the distribution of the 3D structure DEP force in the
micro-device. The FEM results for the electric potential and electric field are shown in
Figure 5.16. The simulation results of the particles trajectory are similar to focusing
principle of Figure 5.14. The displacement of the particles was simulated with 10 and
0 Volts applied electric potential on the trapezoidal electrodes and 1 and 0 Volt for the

stripes.

The gradient of square of the electric field with perfect alignment and

misalignment of the two substrates are shown in Figure 5.17.

The effect of the misalignment of the two substrates on the DEP force distribution
in the microchannel was studied numerically with 10 um shift in the x-direction. The
simulation result for the gradient of squared electric field with 10 um shift in the x-
direction shows that the force reaches maximum values at the edges of the electrodes and
the force will be repulsive or attractive for the particles or cells depending on the sign of
the Clausius-Mossotti factor and the frequency of the applied electric field on the
focusing electrodes. The effect of this shift of alignment does not have a big influence on

the overall DEP force.
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(b)

Figure 5.16: 3D structure electric potential distribution in the channel (a) and electric field
distribution at the mid plane of the channel (b). Applied voltage is 10 and 0 Volts on the
opposite electrodes of the trapezoid electrodes. Applied voltage is 1 and 0 Volt on the stripe
electrodes. Scaled values are in Volts for electric potential and in Volts/meter for electric
field
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Figure 5.17: The mid plane distribution of gradient of squared electric field distribution at
the focused interrogation point for perfect alignment of electrodes (a) and with 10pm x-
direction shifted electrodes due to the misalignment of the substrates (b). Applied voltage is
10 and 0 Volts on the opposite electrodes of the trapezoid electrodes. Applied voltage is 1
and 0 Volt on the stripe electrodes. Scaled values are in Volts’/meter’
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5.3.7 Experimental Results

Channel operation was verified by investigating the negative and positive
Dielectrophoresis effect on different particles or cells such as polystyrene microspheres
and Saccharomyces cerevisiae. These particles and cells were diluted in media with

different conductivities.

5.3.7.1 Media preparation for polystyrene microspheres

Monodisperse polystyrene microspheres of 15 pum diameter (Megabead NIST
Traceable Particle Size Standard) with 1% solids suspensions in de-ionized water with
surfactant (from Polysciences, Inc.) were used to test single particle focusing in the
microchannel. A media was prepared with 10 ml of water and 0.1 ml of Trypsin (0.05%)
to obtain a conductivity of 20 mS/m. Low media conductivity is needed to ensure proper
DEP mechanism since the DEP force depends on the real part of Clausius-Mossotti factor
and the media conductivity. The dominant factor is the Clausius-Mossotti factor which is
increased with the reduced media conductivity value. The conductivity was measured
with Oyster PH-Conductivity-TDS meters, model 341350 from Extech. Five drops of
50 pl/drop of polystyrene bead solution was mixed with the prepared media. The diluted
beads within the media were injected through the inlet port of the microfluidic chip
through a syringe pump. The used syringe pump was from Harvard Apparatus, Inc.

(Pump 11 plus) with characteristics of volume flow rates of 0.0014 pl/hr to 7.91 ml/mn.

5.3.7.2 Media preparation for Saccharomyces cerevisiae

Saccharomyces cerevisiae or budding yeast samples were prepared in a distilled

water solution by letting them grow at a temperature of 25°C for about 30 minutes.
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Different yeast concentration samples were prepared. The first sample with high yeast
concentration had a conductivity of 330 mS/m and the second sample having lower yeast
concentration with 25 mS/m conductivity. The same pump was used to push the media

through the microchannel.
5.3.7.3 Media preparation for different cancer cells

Sucrose/dextrose low conductivity media was prepared. The cells concentration
has been chosen to be 10° -10* per ml and suspended in 5 mS/m media. The flow of cells
and media in the device has been controlled by a syringe pump (Harvard Apparatus). The
experiments have been performed at different flow rates up to 0.5 ml/hr. Experiments
employed other equipment including an inverted microscope (Omano OM900) equipped
with a digital camera (Moticam 1000) and a computer. AC signals (Tektronix CFG280)
of 100 KHz and higher with voltages from 2 to 10 Volts peak were applied to the two
electrodes. From 100 KHz to 1 MHz, red blood cells experienced a positive DEP
phenomenon and gathered all around the finite size electrode with the higher density of
cells at its edge. This phenomenon was observed on both electrodes. The high end of the
applied voltage (about 10 Volts peak) induced an elongation of the red blood cells with

elastic and plastic behaviors.

5.3.7.4 Experiments with polystyrene microspheres and

Saccharomyces cerevisiae

In a confined flow, with a steady and constant density fluid flowing through a

fixed volume (different inlet and outlet cross section), continuity equation shows that the
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volume flow rate is constant at the two cross sections [171] and can be written using the

following equation:
O =0 =wdcs) =v24eso (147)

O,, v, and Acs, represent the volume flow rate at different cross sections, the velocity and
the area cross section at port n (n= 1 and 2) respectively. In order to characterize single
particle at a time and be able to observe the movement of the particle within the
microchannel under the microscope some judicious choices were made for the velocity
flow rate calculation. A lcc syringe was used in order to get low volume rates for the
syringe pump and the velocity of media/particle was desired to be equal to 100 pm/sec.
With the approximate cross section of 15.x10” m* of the microchannel and the equation
(147), the flow rate of the syringe pump was calculated and adjusted to about 0.1 pl/min.
Moreover, before starting the experiments, the channel hermeticity was verified by
injecting distilled water with different high flow rates in the microchannel. The
microfluidic chip preserved its integrity and no liquid leak was observed within the

channel.

Figure 5.18 shows the movement of the polystyrene beads within the channel with
the particles focused at the center of the trapezoid electrodes of the channel. The applied
voltages on trapezoid electrodes were 10 and 0 Volts on opposite trapezoid electrodes
and the frequency was set to 500 KHz. In Figure 5.18 several snap pictures (1, 2, 3 and 4)
are showing the movement of the 15 um diameter beads through the focusing electrodes.
As seen in these pictures, when the particle gets close to the center of the channel with a

smaller electrodes gap, the velocity of the particle is higher and the clarity of the picture
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of the particle is reduced due to this higher speed effect. From 100 KHz to 5 MHz nDEP

effect was observed on the polystyrene beads.

Figure 5.18: Polystyrene beads movement within the center of the microchannel. The
polystyrene beads diameter is 15 pm and the flow rate is 0.1 pl/mn

Figure 5.19 a and b show the movement of the bulk yeast cells stream within the
channel for the two focusing electrodes. The design solution for the inlet was at the
trapezoid focusing electrodes and the outlet was at the Y shape focusing electrodes. For
this experiment, the media conductivity was 330 mS/m; the signal frequency was
500 KHz with amplitude of 10 Volts. Under these conditions, nDEP effect was observed
on the yeast cells. Clearly the cells were repulsed from the edges of the trapezoid and Y
electrodes and are focused to the center of the channel. Figure 5.19 ¢ and d show the
effect of pDEP on the yeast cells under the same conditions except with a frequency of 2

MHz. In this case, the cells are attracted and gathered at the edges of the trapezoid and Y
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electrodes. The movement of yeast cells with a lower conductivity of 25 mS/m showed

pDEP for frequencies above 100 KHz and nDEP below 100 KHz.

Y

Figure 5.19: Bulk stream of yeast cells movement under nDEP within the center of the
microchannel between trapezoid and Y electrodes (a and b) and their movement under
pDEP (c and d)

Finally, Figure 5.20 shows nDEP effect on formation of bubbles on the focusing
electrodes with the presence of high conductivity media of 330 mS/m and reduced
frequency signal of about 1 KHz and below. Electrolysis of water is the cause of the
bubbles of hydrogen and oxygen gases that are created at the edges of the electrodes and
the media in suspension which is known to occur at the application of DC in high
conductivity water (mixed with salt) [210-212].This effect was eliminated by increasing
the frequency of the applied signal on the focusing electrodes. After the bubbling effect,
the microchannel was flushed by increasing the flow rate of the pump and the bubbles

were removed from the observation and interrogation area.
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Figure 5.20: Bulk yeast cells with bubbles formed due electrolysis with high conductivity of
the media and low frequency of the applied voltage on trapezoidal electrodes (a) under
nDEP and (b)Y electrodes under pDEP

5.4 Discussions

The major advantage in designing transparent microfluidic device consists of
capability to observe, in real time, the manipulation and movement of cells or single cell
in the microchannel at the interrogation point. Without the need of this observation
facility, silicon could have been used as substrate material with its easier to achieve
shallow geometries manufacturing characteristics. The microfluidic chip was fabricated
using specific materials for the substrate (glass and fused silica) and for the channel
(photo-imageable film and silicone). Fused silica and silicone were the final choices for
the substrate and the channel. The alignment of the two substrates for parallel facing
electrodes was completed within few minutes under a microscope with the help of the
alignment marks. For a larger number of prototypes a special jig could be made for
alignment simplicity. A finite element analysis for a misalignment of 10 um offset
electrodes did not show a major disturbance of the DEP force. The major challenge
following the channel fabrication was the hermeticity of the channel without the use of

high pressure and temperature equipment. The two fused silica substrates were
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sandwiched between two thick blocks of aluminum plates. Blocks of correct thickness
were necessary to ensure the proper pressure at the middle of the blocks and avoid any
block curvature associated with channel leak. Four screws at the edges of the blocks
tighten at the proper torque and order ensured the sealing of the channel. All these
fabrication steps were repeated in several iterations with associated difficulties to
overcome all the fabrication difficulties. The conductivity of the media was critical in the
determination of the nature of the force (attractive or repulsive) since the sign of the

Clausius-Mossotti factor is directly dependent on this value.

During the experiments carried out with high conductive media of 330 mS/m,
special care was given to reduce the effect of bubble creation due to electrode heating at
low frequencies. Nevertheless at frequencies below 1 KHz bubbles started to get formed
at the edges of the electrodes where the electric field was high. The n-DEP effect (for

focusing) was observed with AC signal source of 10 Volts at a frequency of 500 KHz.

Very low speed of the media (0.1ul/mn) was set in order to observe, under the
microscope, the nDEP movement of the polystyrene particles. At high flow rates, the
nDEP force being smaller than the other present forces in the channel, particles were

passing through the channel without being focused at the center.

5.5 Conclusion

A simple, low cost and fast microfluidic device with 300 pm width by 50 pm
height microchannel cross section area was fabricated using two fused silica substrates
and screen printing silicone rubber. The challenge of the design of this micro device

consists in the screen printing technique with the hermeticity obtained by using two
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aluminum blocks with four screws at the edges. With gold electrodes within the two
fused silica substrates, a hermetic microfluidic chip was fabricated with parallel facing
electrodes for single cell/particle manipulation and characterization. The microchannel
dimension and the biocompatible materials used to fabricate this micro device would
accommodate the single living cancer cell measurement. Detecting and measuring
different cancer cells, such as uveal melanoma, prostate, Hela, breast and many other
cancer cells within this micro device would permit the characterization of each cancer

cell at low and high frequencies with unique cancer type signature.

5.6 Chapter summary

This chapter presents a measurement apparatus that investigates the effect of non-
thermal RF radiation on uveal melanoma cells. Simultaneously it provides the
information about the power and frequency to be applied during single cell measurement.
The device uses 96 wells with some RF electrodes adaptation for RF signal injection. The
evaluation is made through 92.1 cell line proliferation test. The proliferation results show

a reduction from 2 to 9 % over the frequency range from 1 to 3 GHz.

Another microfluidic device is designed and fabricated using two fused silica
substrates with pattern gold electrodes separated by a silicone patterned layer acting as
the microchannel. The serigraphy technique to apply the silicone layer is simple and less
costly than other methods. The device is sealed by squeezing and retaining the two fused
silica substrates between two aluminum blocks while aligning the parallel facing

electrodes overlapping under the microscope.
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The good performance of this device is verified by applying AC low frequency
signal on the centering electrodes within the channel. Polystyrene microspheres and
Saccharomyces cerevisiae particles are used for these tests and nDEP/pDEP are observed
under the microscope by changing the frequency of the AC signal. No leak is observed on

the microdevice structure during these measurements.
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Chapter 6: Off Line Characterization of Biological Cells
6.1 Introduction

Knowledge of the microwave dielectric properties of biological material (tissues
and cells) is important information in the applied research and development of new
diagnosis and therapeutic medical devices [213, 214]. In general, a material can be
characterized by its unique signature of permittivity and conductivity. These dielectric
properties are mainly determined by that material’s molecular structure. Once these are
known, then a material’s physical and chemical properties can be estimated. Hence, the
dielectric properties of a material determine how it will interact with an applied

electromagnetic field.

Extensive experimental research was performed to determine dielectric properties
of different human tissues, body fluids and cells within a large frequency spectrum [135,
215-222]. Dielectric parameters were mostly measured at low frequencies from 1 KHz to
100 MHz [218], and at high (up to microwave) frequencies in the UHF to Ku bands with
frequencies ranging from 100 MHz to 18 GHz [139, 149, 223]. Some research also

focused on millimeter wave range measurements [224, 225].

For the last two decades, several low frequency measurement research studies
were carried out using impedance-based techniques to measure a material’s or particles’
complex permittivity (CP) values in a specific media [8, 38, 88, 139], determining those
dielectric properties mainly through dielectric spectroscopy measurements. Various
impedance models with different respective hypotheses were used to determine the CP of
particles in a media solution. The results obtained, either in frequency or time domains,
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were presented in the form of CP frequency response [113, 226-229]. The same
parameters were used to estimate the Clausius-Mosotti factor, the cross frequency and the
relaxation time constants [108, 130, 230]. Some analytical models were also derived to
validate the frequency and time domain results [231-233]. Moreover, numerous
microwave CP measurements were also considered, based on different microwave
measurement techniques in frequency and time domain, such as coaxial probing,

transmission line, free space and resonant cavity measurements [170, 234].

At microwave frequencies, the physical properties of materials containing water
could be determined by measuring CP given that the amount of absorbed energy at high
frequency is a function of this parameter. The high frequency energy interaction with any
material is predominantly governed by that material's polar nature and thus its water
content, therefore no appreciable ionic conductivity effect or low frequency relaxation

phenomena can be observed [235].

For biological specimen characterization, very small specimen volume is needed
and cavity perturbation is an appropriate and accurate measurement technique. In the
literature, rectangular cavity perturbation has been extensively used for measurements of
the CP of biological tissues and cells and has showed very different results for healthy

individuals versus cancerous patients [147].

The CP of materials exhibits dispersion characteristics induced by polarization,
indicating the dependence of the CP of a dielectric material on the frequency of an
applied external electric field. In general, each material has a polarization in a wide
frequency spectrum identified by ionic, interfacial, dipolar, atomic and electronic

polarizations [132, 236].
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The motivation of this chapter is to investigate and estimate in vitro the dielectric
prooeperties of biological particles such as various cancer cells at microwave
frequencies. In this study, biological cell microwave S-band CP measurements are
performed. Knowledge of a cancer cell’s dielectric properties should enable their
detection and characterization at microwave frequency ranges. It also opens a future
research topic to investigate how a bio chemical alteration (cells aletred with some agent)

affects the dielectric properties of a cancer cell line.

This chapter presents the dielectric properties and characteristics of different
cancer cells in the frequency range between 2 GHz and 4.5 GHz using a WR284 resonant
cavity. The dielectric constant and the dielectric loss of cells are measured using the
resonant cavity perturbation technique. All design and fabrication steps of the microwave
resonant cavities are detailed. Also presented, are specimen preparation and automatic
measurement setups for determination of normalized complex permittivity given a wide
frequency range. The outcome of the dielectric properties obtained for cancer cells from
different cell lines will enable the detection, identification and characterization of those
cells at microwave frequencies in the S band. Hela, Prostate, Breast and uveal melanoma
cancer cells’ complex permittivity measurements gave bulk relative dielectric constant
values between 42 and 68, and relative dielectric loss values between 12 and 22. Similar
test is performed also on white blood cells (WBC). With the advantage of automatic test
set-ups, cancer cells’ time-series complex permittivity measurements gave important
information about the apoptosis behavior of these cells. The time-dependent changes in

the cells’ dielectric property results in a decrease of their complex permittivity.
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6.2 Theoretical background
6.2.1 Polarization, permittivity, conductivity and dispersion of

materials

When a material is placed in an electric field, dipole moments are induced at
microscopic levels and the material is considered to be polarized. The polarizability of
the material is its ability to neutralize a part of that field and acts as a form of energy
storage. Macroscopically, the response of a material to an electric field is fully described
by its CP. The real part of the relative CP, also defined as dielectric constant, is
proportional to the ratio of the charge to the applied electric field and is a measure of the

storage effect, or polarization, of the localized charges in the material under this field.

The imaginary part of the relative CP, representing the dielectric loss or
conductivity, is the ratio of the electric current density to the applied electric field and is a
measure of the ability to delocalize charge carriers moving through the material under
that field [237]. When the dielectric material is subjected to an electric field, the bound
positive and negative charges in the material move locally relative to each other and
create a field in the direction which is opposite to the applied field. The movements of
charges need to overcome inertial and viscous forces. In this mechanism, the energy is

dissipated via heat generation or dielectric loss.

The dielectric constant describes the interaction of the material with the electric
field and the conductivity determines how easily the electrons travel through the material
under the electric field. When an external electric field is applied to a material, its

polarization response takes some time to relax after the field is removed, and a phase lag
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between the polarization and the electric field is created. The relaxation time due to this
lag depends on the frequency of the applied electric field and the stored and dissipated
energies depend on the time variation of the electric field. Hence, the complex
permittivity of a material, consisting of the dielectric constant and the conductivity, is
frequency dependent and there is basically a dispersion of the complex permittivity.
Different polarization mechanisms can be defined according to the frequency of the
electric field applied to the material. They are ionic, interfacial, orientation, atomic and
electronic polarizations. The dispersion associated to these polarizations happens within
the material or at the interface of two materials. The first dispersion is called Debye
relaxation and the second is the Maxwell-Wagner relaxation. The Debye relaxation is due
to the inability of the dipole or the permanent dipole (like water molecules) to reorient in
time with respect to the applied electric field. The Maxwell-Wagner relaxation is due to
the interface polarization between the two unlike materials [214].

For each polarization, a relaxation frequency is identified and every next
polarization occurs at frequencies below the subsequent relaxation [132]. A simple
explanation of the polarization type of a material associated with the frequency dependent
dispersions is defined as follows [135, 236, 238]:

a. a dispersion due to ion conductivity of membrane channels or the flow of ions
across cell surface. This is identified as ionic polarization

b. B dispersion associated with the polarization of cellular membranes and
polarization of protein and other organic macromolecules. It is the consequence of
charge build-up at cell membranes and the media due to the Maxwell-Wagner

effect. The effect is the conduction of ions within and outside the cell and is
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related to the properties of the cell membrane, the cytoplasm, and the extracellular

media. Therefore P dispersion provides information about cell membrane and

cytoplasm. This is called the interfacial polarization

c. 0 dispersion associated with the rotation of macromolecular side-chains and with
the polarization of water molecules. Since the rotation creates an orientation, this
is said to be orientation polarization

d. vy dispersion associated with the distortion of the electron distribution about the
nuclei and the stretching of chemical bonds between unlike atoms. This
mechanism is the atomic and electronic polarizations.

All biological molecules are polar material and the applied electric field on the
material induces a dielectric polarization. When a particle suspended in a solution is
subjected to an electric field, the particle and the solution are polarized creating net
unpaired surface charges at the interface of the particle and the solution. These surface
charges create another electric field disturbing the original one. The interfacial surface
charges depend on the field strength, the frequency dependent complex permittivity of
the particle and the solution [130]. Moreover, the polar substance dispersion can be
attributed to the relaxation of water molecules in the bulk phase [238] and polar liquids,
such as water, are considered as high loss liquids [170]. Since the biological material is
polar in nature, its molecules can follow the low frequency applied electric field resulting
in maximum values of ¢, . At these low frequencies, the positive and negative ions move
in accordance to the electric field and the electric current corresponds to an energy loss
dominated by the conduction loss. Therefore at low frequencies the ionic conduction is

the prevalent mechanism. At media frequencies, when biological cells are within a media,
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the B dispersion is mainly due to the Maxwell-Wagner effects of interface between the
cell membrane and the media and the charging/relaxation. At microwave frequencies, the
biological molecules can no longer follow the changing electric field resulting in less
energy storage and higher rotational losses dominated by dielectric loss on a disappearing
DC conductivity [239]. Then the frequency response of the dielectric constant decays
with the increase in frequency. Therefore in general, the effect of the polarization results
in an accumulation of charges at interfaces for low frequencies and rotation/reorientation
of molecules at microscopic level for high frequencies [240].

In most cases, we can define the bio-molecular frequency dispersion in the

following ranges [241]:
a. a dispersion from about 10 Hz to about 1KHz
b. P dispersion from about 1KHz to about 100 MHz
c. o dispersion from about 100 MHz to about 10 GHz
d. v dispersion from about 10 GHz to about 100 GHz.

Molecules with water content are dipolar and at low frequencies they tend to
rotate and line up with the applied field. Energy is stored due to this directional alignment
and this is reflected by a certain dielectric constant value dependent of the material. At
high frequencies, the rotation of the molecules cannot follow the applied field frequency
and a lag exists between the rotation of water molecules and the reversion of the applied
field. This will reflect in a decrease of the dielectric constant and an increase in the
dielectric loss [242]. Moreover, the polar characteristic of the molecules leads to
temperature and pressure dependent complex permittivity. In fact, when the temperature

of the material increases, the thermal motion reduces the alignment of the permanent
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dipole subjected to the electric field and the orientation polarization decreases giving rise
to a decrease in the dielectric constant and an increase of the conductivity. In summary
the complex permittivity is mainly frequency, temperature and pressure dependent. At
atmospheric pressure, polar molecule at Radio Frequency (RF) and microwave
frequencies has the following theoretical dispersion characteristic:

dle (iT°)]

. (148)

The variation of the complex permittivity with frequency gives the information
about natural rotational motion of dipolar molecules in a material when the electric field
is absent. Similarly, the variation of the electrical conductivity with frequency gives the
information about material natural translation motion of ions in a material when the
electric filed is absent [243]. It is well observed that cancer cells have different
permittivity than healthy cells since they have different electrical and chemical properties
than normal cells. The dielectric constant and conductivity of cancer tissue are higher

than normal tissues [244].

6.2.2 Microwave frequency biological material permittivity and

conductivity measurement theory

In general, microwave energy penetrates within the volume of a material and not
only on the surface [239], and the incident energy can be transmitted, reflected and
diffracted [245]. Therefore microwave dielectric measurement is the response of all these

energy transformation mechanisms.
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As stated earlier, microwave complex permittivity measurement techniques for
biological material can be carried out in frequency domain or time domain. The following
work will concentrate on the frequency domain. The frequency domain permittivity
measurement of a material can be divided into three major methods or techniques
consisting basically of:

a. Coaxial probe technique
b. Transmission line technique
c. Resonant cavity perturbation technique [170].

The coaxial probing is very convenient and can measure complex permittivity of
materials in a very wide frequency band [166, 238, 246-248]. Nevertheless, this method
exhibits reduced accuracy and is limited by the accessibility to small biological specimen.
Open-ended coaxial line sensors are used for in-vivo measurements of the dielectric
properties of biological specimens. This measurement technique is based on the
measurement of the fringing-field capacitance of the specimen placed at the open end.
The measurement of the reflection coefficient permits the calculation of the complex
permittivity [249].

With the transmission line system, very large frequency band can be achieved but
the method usually requires large specimens (in general solid samples) and it is limited
by the resolution and the accuracy specifically at microwave frequencies [250]. From the
measurements of transmission and reflection coefficients of the specimen in a waveguide,
the complex permittivity can be computed. Nevertheless, the computation formulas are

very complicated and several assumptions and approximations are used [225, 251-259].
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Finally the resonant cavity perturbation method [170] is the most appropriate
method for small volume specimen with high accuracy, linear perturbation [260] and
nondestructive measurement. For the rectangular or circular cavity perturbation method,
the specimen should be much smaller than the physical dimension of the cavity. This
condition is required since the effect of introducing the specimen into a cavity on the
resonant frequency and the quality factor of the cavity is treated by the first order
perturbation theory. Therefore, the ratio of the stored electromagnetic energy in the
specimen to the energy in the entire volume of the resonator will be small giving high
values of quality factor [261]. The deviation of this condition tends to obtain non accurate
results for complex permittivity. The complex permittivity is deduced by measuring the
resonant center frequency and the quality factor with and without the specimen inserted
in the cavity. The volumes of the specimen and the cavity are needed also for the
computation. For the measurement of biological specimen, a small hole is opened (with a
diameter smaller than the cutoff and the guide wavelengths) in the waveguide wall
without interrupting the currents flow currents on the walls. With the small size, this
opening will not couple the energy to the outside environment of the waveguide and
hence the internal fields will remain unchanged. Therefore, the electric and magnetic
fields distribution for each cavity resonant mode will approximately be the same with and
without hole. A small piece of glass (low loss) capillary tube with and without the
specimen is introduced at the center of the resonant cavity at the position of the
maximum electric field [151].

For odd modes, the geometrical center of the cavity (d/2) is always one of the

maximum electric field positions [262]. In order to measure accurately the resonant

143



frequencies of the even modes, a slot is created along the height b of the waveguide.
Before each even mode measurement the tube will be set at a certain position in the slot
where the electric field is at its maximum. The specimen inserted at the position of the
maximum electric field will perturb strongly the field [213].

The principle of rectangular cavity perturbation method is obtained from the
resonance of the cavity. Different modes can exist in the cavity depending on the
dimensions of the rectangular cavity. Basic formulas for the calculation of the complex

permittivity through the rectangular cavity perturbation method are given by:

- Vollo=fs)

€, = WS, (149)
S L
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where V) and Vs represent the volumes of the cavity and the specimen respectively, fo, fs,
Qo and Qs are the resonant frequencies and quality factors of the empty cavity and the
cavity filled with the specimen. As it can be seen by the formulas, with f, greater than fg
and Qo greater than Qs then complex permittivity value is positive. Therefore the real and
imaginary part of the permittivity can be calculated from the shifts of the resonant
frequency and the quality factor. The accuracy of &', depends on the accuracy of the
resonant frequency measurements and the accuracy of ¢, depends on the accuracy of the
quality factor measurements.

With known dimensions of a and b, and using the formula of the resonant frequency, the
resonant frequencies of different modes in any cavity having a predefined length d can be

calculated. When the specimen in a capillary tube is introduced in the geometrical center
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of the cavity, all the odd resonant mode peaks permit to calculate accurate values of
complex permittivity. For each even mode the tube needs to be placed at a position of
maximum electric field by moving it through the slot or opening along the height of the

cavity.
6.2.3 Complex permittivity of cells at microwave frequencies

When particles or biological cells are submerged in a media, the knowledge of the
mixture effective complex permittivity enables the determination of cells complex
permittivity when dielectric properties of the media are known. At microwave
frequencies, the conductive loss is negligible compared to the dielectric loss of the
material. Therefore the complex permittivity of a material at microwave frequencies
depends on the dielectric constant and the dielectric loss of the material, both dependent
on the applied electric field frequency and the temperature. Several authors developed
different approximate formulations relating the mixture complex permittivity to the
particle and media complex permittivity. When spherical particles much smaller than the
wavelength of a uniform electric field are scattered in an homogenous media, the
Maxwell and Garnett mixing formula can be written as [263]:

(gp — & )

(gp* +25m*)—f(5p* —5,”*)

Ey =6, +3f,E, (151)

where €o is the complex permittivity of the mixture and f; represents the volume

fraction of the spheres. This equation is a good approximation for low volume fraction

(less than 0.1). For densely packed particles in the media, Bruggeman introduced another
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formula improved by Hanai [264] that can be used for large volume fraction and it is

given by:

(gp* -g[?li,*) geff* 1/3

=1, )| (152)
(Sp & ) A Em

Therefore, measurements of mixture and media complex permittivity (with known
volume fraction) can provide the exact estimation of the particle complex permittivity.
Figure 6.1 and Figure 6.2 show the theoretical result of a particle complex permittivity
with different volume fractions for fixed given effective mixture complex permittivity

8@7* = (50 —j15) and media complex permittivity ¢ = (70 — j20). This effective mixture

relative complex permittivity is chosen since experimentally it is shown that at high
volume fraction this value is close to most living cancer cell’s dielectric property.
Similarly, the mixture dielectric properties are close to standard measured media at high
frequencies. The theoretical results show that, for volume fraction values higher than 0.7,
the particle dielectric constant and dielectric loss values are almost linear having small
slopes.

Analyzing theoretically the packing of spheres, the density of an arrangement of
non-overlapping equal spheres could not exceed 0.7797. Mathematicians and physicist
demonstrated a value of 0.7404 for face centered cubic packaging and the best properly
established value was given as 0.828 [265]. Randomly packed spheres gave a packing

density value of 0.64.
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Figure 6.1: The Y axis presents the particle dielectric constant when the mixture effective
complex permittivity is é‘eﬂ* =50 —j15 and media complex permittivity is gm* =70 — j20 for

different values of volume fraction
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Figure 6.2: The Y axis presents the particle dielectric loss when the mixture effective
complex permittivity is 8@,; = 50 —j15 and media complex permittivity is 8m* =70 — j20 for

different values of volume

In the detection and characterization of cells, cells can be subjected to low
frequency and high frequency electric fields and the presence of a non-uniform
distribution of this field can attract or repel the cells (Dielectrophoretic force). The

repelling or attracting force depends on the real value of Clausius-Mosotti factor where
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the Clausius-Mosotti factor is dependent of the complex permittivity of the particle and

the media and is given by:

The real part of Clausius-Mosotti factor is the parameter used for the calculation of
Dielectrophoretic force on the particle within the media. From equation of CM, it is clear
that the real part of Clausius-Mosotti factor limits is -0.5 and +1. When this quantity is
negative (particle less polarized than the media) the particle is repulsed and when it is
positive (particle more polarized than the media) the particle is attracted. The knowledge
of the real part of Clausius-Mosotti factor at low and microwave frequencies is very
important during the manipulation and characterization of biological cells at those
frequencies. Once the dielectric properties at high frequencies are measured, the cells can
be properly modeled and characterized. For frequencies below 100 MHz, the dielectric
properties of material with the surrounded environment can be presented by lumped
circuit representation with capacitors and resistors. For frequencies in the microwave
ranges, the lumped circuit representation is replaced by distributed circuit representation
describing the propagation of the electromagnetic waves in the material and its
surrounded environment. Complex equivalent electric circuit representation with lumped

element fitting technique can be also extracted from measurements [243, 266].

6.3 Cavity design and fabrication

6.3.1 Design of cavities at S-Band

A cavity resonator is fabricated from sections of copper waveguide. This material
ensures a good thermal stability [267]. The rectangular waveguide is shorted with copper

walls by solder sealing on both ends (these walls will create standing waves in the
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cavity). The tangential electric field and the normal magnetic field are zero at these wall
interfaces. Both walls have small irises (holes) in order to excite the mode (at one end a
swept signal is injected and at the other the resonant signal is measured). The iris
diameter ranges between A/20 and A/10 (a fraction of the wavelength) in the frequency
range of cavity operation. The resonator cavity is excited through a magnetic coupling
mechanism through the irises and different possible modes are excited at different
discrete frequencies depending on the length of the resonator.

In transmission measurements, noted as S»;, low magnetic or inductive coupling
factor is used to obtain good signal-to-noise ratio [170]. Since the magnetic coupling
coefficient is very dependent on the iris diameter size and the direction of the coupling
loop, an optimized iris size and loop direction are needed during the coupling mechanism
fabrication and adjustment processes. Since the cavity is made of a standard waveguide,

it has a wall thickness of 2 mm.

The S-band cavity resonator is constructed from a WR284 waveguide. The width
a and the height b of this guide are 7.22cm and 3.4 cm respectively. A length d of 35.6
cm is chosen to obtain several modes and several discrete resonant frequencies. Table 1
gives a summary of the design parameters of S band resonator cavity. Table 2 shows the
calculated different modes resonant peak frequencies present in the
S-Band resonant cavity structure having a length of 35.6 cm. The odd frequencies are
obtained when the specimen is inserted at the geometrical central or the middle of the
cavity where the electric field is at its maximum. For even modes the specimen needs to

be set at a position where the electric field is at its maximum. This is ensured by
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physically measurement and manual adjustment of the plunger in the manufactured slot
for this purpose.

Table 1: The geometrical dimensions of the S band cavity

SUNMMAEY OF THE DESIGH PARAMETERS FOR S- BAND
CAVITY RESOINATOR

Dimensions of 5-Band
the cavity Dimensions

(cm)
-Width "a’ 7.22
-Height "b’ 340
-Length “d’ 35.60
-Diameter of coupling hole 0.88
-Length of slot on broad wall 10.00
-Width of slot 03

Table 2: The TE;j; mode frequencies in the S band cavity

CALCULATED RESONANT FREQUENCIES FOR DIFFERENT WIODES
IN THE S- BAND CAVITY

Fesonant Cavity =-Band
IMode Frequency
(GHz)

- £ = 1 (At cavity center) 414

- £ =2 (SAFNEF)* 224

- £ =3[ At cavity center) 443

- £ =4 (SAFNEF)* 470

- £ =5 (At cavity center) 2.96

- £ =A(SAFNEF)* 3.28

-8 =T ( At cawity center) 3.61

- =5 (SAFNEF)* 3.96

- £ =00 At cavity center) 4.33

(SAFNERY* = Slot

Admstment For Masdmun

Flectric Field

Figure 6.3 shows the physical S-band resonant cavity with the magnetic coupling
mechanism at the input and the output of the cavity. The two identical coupling
mechanisms are inserted in the hole within the input and output of the cavity and held by

2 screws after manual adjustment for minimum magnetic coupling. With the fabrication
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process limitation, the inner walls of the cavity were not silver plated to reduce the

waveguide wall losses.

Figure 6.3: S-band physical cavity with two real views and a Catia"" drawing. The last
picture shows the magnetic coupling mechanism at the input and output ports of the cavity
connected to an SMA high frequency connector through 0.141 inch cable
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When the empty cavity is excited by sweeping the frequency of the network
analyzer, several discrete resonant peaks (modes) are observed on the screen of the
microwave frequency network analyzer. The network analyzer used is Agilent 8722ES.

Figure 6.4 shows the measured 9 resonant frequency peaks of the cavity on the

Agilent 8722ES network analyzer.

45 Agilent ' e —

D IéK 11-38,285 dB 2,126 902 688 GHz
EJECT

asem |

| NN NN
RLVATAV,

RVEEEE
Tl

Figure 6.4: S-band cavity resonant frequency peaks observed on the Agilent 8722ES
network analyzer. 9 Peaks are observed for the S-band cavity with 35.6 cm of length

6.4 Set up for permittivity and conductivity measurement

The microwave frequency network analyzer Agilent 8722ES is set on for 1 hour

before measurement for heat up in order to ensure that the frequency measurement error
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is minimized, and ports 1 and 2 are connected to the ports of the cavity. The network
analyzer is set on transmission measurement (S21). The number of points for sweep
frequency is set to 1600 with an averaging of 16 and the output power of the network
analyzer is less than 0 dBm to avoid the heating effect of the cells. In order to get
automatic and continuous complex permittivity measurements, a program is written in
Labview™ to control the network analyzer and to obtain a real time continuous
measurement of complex permittivity on the computer. Temperature was measured at
different points of the cavity and the variation was within = 0.2 °C of the nominal
temperature value. The set-up of this temperature measurement is shown at Figure 6.5.

An image of the complete measurement set-up of the complex permittivity is given at

Figure 6.6.

Figure 6.5: Temperature measurement setup on the S-band cavity
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'tube with specimen E

Figure 6.6: Complete measurement setup showing the S-band cavity, the capillary tube in
the center of the cavity, the 8722ES network analyzer for insertion loss measurement and
the computer for automatic control of the network analyzer giving automatic output results
of the complex permittivity of the biological material
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6.5 Software for automatic measurements

The network analyzer Agilent 8722ES is connected to the computer via a
GPIB/USB adapter to ensure the communication between the network analyzer and the
computer. The software program written in Labview'™ has a practical Graphic User
Interface (GUI) and an example of set up for calibration and measurement via GUI is
shown at Figure 6.7. The automatic measurement is very powerful and time efficient for
the acquisition of rapid measurement of complex permittivity of the biological material
within the micropipette and for continuous monitoring of the complex permittivity with
time. The complex permittivity change with time generates important information about
the material property variation with time and enables the estimation of cell properties
evolution with time. Within a minute about 5 different frequency measurements for

complex permittivity can be performed with the automatic system.

6.6 Permittivity and conductivity measurement procedure

In order to get automatic and continuous complex permittivity measurements, the
Labview program is run on the computer. The procedure for the complex permittivity
measurement is as follows:

a. An empty capillary tube is inserted at the geometrical center of the cavity and
unloaded measurements of resonant frequency and quality factor are obtained for
all odd modes (maximum electric field at the center)

b. Liquid or biological specimen is filled in the capillary tube that is inserted at the

same center for measurements
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Measurement time, in minutes, is set and measurements of the resonant frequency
and the quality factor for the loaded capillary for all odd modes are performed.
The internal diameter of the capillary tube being very small (0.5 mm), no
evaporation of specimen is observed during measurement. The external diameter
of the tube is 2 mm.

From the measured values and known physical dimensions of the cavity and the
specimen volume, the program performs calculation for every resonant frequency
involved the complex permittivity and displays the results versus time

With the increase of measurement time, a real time measurement of the relative
permittivity and conductivity could be obtained

For measurements of even mode resonant frequencies, the software program
informs the user to manually position the plunger holding the capillary tube
within the slot. After manual adjustment and at each even mode frequency, the
program measured the complex permittivity. Since this manual manipulation is
time consuming, during this research this option was not used to preserve the
viability of cells

During all measurements, a coupled thermometer is used to measure the cavity
room temperature value with time. The tests were run at temperature of

23 degrees Centigrade.
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Figure 6.7: An example of Labview calibration image (a) and generated measurement

image (b) on the GUI
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6.7 Material preparation and method

Before starting the measurements with cells, different cancer cells are prepared
for testing readiness. Hela, prostate cancer, breast cancer cell line MDA 231, uveal
melanoma cell lines 92.1 and OCM are removed from the flasks using the standard
adherent cell detachment protocol. The detached cells are counted and verified under the
microscope to evaluate the average size of the cells. A media solution is prepared with
D-PBS and mixed with cancer cells in a tube. Bulk form cancer cells with minimum
amount of media were sucked into 10 pl micropipette from VWR Int. Care was taken to
remove most of the media solution from the tube. Bulk cells were diluted after
measurement in a known volume of RPMI and then recounted to estimate the volume
fraction value. The measured and estimated volume fraction of the inclusion or the bulk
cancer cells in the remaining media was close to 0.7. This value was chosen in order to
facilitate the calculation and estimation of the exact complex permittivity of the cancer
cells from the mixture formulas of equation (152). Similar preparation was used for non-

adherent WBC - Jurkat, Clone E6-1.

6.8 Test results and measurements

6.8.1 Calibration or reference measurement

Cavity perturbation method measurement is validated by permittivity
measurements of several referenced liquids such as distilled water, acetone, ethanol 99%,
methanol, glycerol and glycerol-distilled water 1:1. D-PBS media dielectric properties are

also measured for the dielectric properties of the media. These measurements are critical
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and act as the base line measurements since the complex permittivity of most of these
solutions is already measured at different frequencies by other authors [214, 250, 260,
268, 269]. Figure 6.8 and Figure 6.9 give the dielectric constant and the dielectric loss of
these solutions at different frequencies. Several measurements were repeated to ensure
the repeatability of the results. Measurement results (3 tests) for distilled water, ethanol,
acetone and methanol compared with other authors results are close and present the same

frequency response behavior.
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Figure 6.8: Relative dielectric constant of distilled water, Acetone, Ethanol 99%, Methanol,
Glycerol, Glycerol-distilled water 1:1 and D-PBS at different S-Band frequencies (at
temperature of 23°C)
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Figure 6.9: Relative dielectric loss of distilled water, Acetone, Ethanol 99%, Methanol,
Glycerol, Glycerol-distilled water 1:1 and D-PBS at different S-Band frequencies (at
temperature of 23°C)

The dielectric constant of distilled water shows an increase from 72 to 78 whereas
for D-PBS the increase is from 69 to 75. Glycerol and ethanol (99%) do have the same
decreasing behavior from about 8 to 5. Methanol and acetone show values close to 20.
Therefore ethanol and Glycerol show the largest dielectric constant difference compared
to the distilled water. The dielectric losses of some lossy liquids such as distilled water,
D-PBS, Glycerol/distilled water (1:1) increase from about 7 to 27. Methanol dielectric
loss is about 12, whereas ethanol, Glycerol and acetone show small constant values close

to 3.
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Glycerol dielectric constant is much different than distilled water and most cancer
cells as is observed in the next paragraph. This characteristic could be very useful to
create a good contrast between the Glycerol (as media) and the cells. Nevertheless to
reduce the high viscosity of the Glycerol, it is mixed with water having ratios of 4:1 and
1:1. With the Glycerol/distilled water (4:1), the dielectric loss is close to 18 and the

dielectric constant close to 15.

6.8.2 Different biological cells (reference, WBC, Hela, prostate,

breast and uveal melanoma cancer) measurement

Permittivity and conductivity measurement procedure is used and automatic
measurements are performed at room temperature of 23°C on different cancer cells and
cell lines with volume fraction close to 0.7. The effective complex permittivity
measurement of bulk cancer cells (WBC - Jurkat, Clone E6-1, Hela, prostate PS3, breast
MDAZ231, uveal melanoma 92.1 and OCM) in the D-PBS media, the complex
permittivity measurement of D-PBS media and the estimated volume fraction of 0.7, the
complex permittivity of different cancer cell is deduced from equation (152). Figure 6.10
and Figure 6.11 illustrate the dielectric constant and the dielectric loss for all cancer cells

at different frequencies.
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Figure 6.10: Relative dielectric constant of WBC Hela, prostate, breast, uveal melanoma
cancer cells with volume fraction of inclusion equal to 0.7 at different S-Band frequencies
(at temperature of 23°C)
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Figure 6.11: Relative dielectric loss of WBC, Hela, prostate, breast, uveal melanoma cancer
cells with volume fraction of inclusion equal to 0.7 at different S-Band frequencies (at
temperature of 23°C)

Uveal melanoma cell lines 92.1 and OCM were measured continuously with time
using the automatic software program that controlled the network analyzer during cell
dielectric property measurement. The variation with time of the dielectric constant and
dielectric loss with frequency for OCM did not show a significant change. Nevertheless
the line 92.1 showed a change in these two dielectric parameters Figure 6.12 and
Figure 6.13 show uveal melanoma cancer cell line 92.1 variation of the dielectric

properties after 1 hour versus the frequency.
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Figure 6.12: Uveal melanoma cancer cell line 92.1 dielectric constant reduction (Ag’) after
60 minutes of test. Results are shown for each discrete mode frequency
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Figure 6.13: Uveal melanoma cancer cell line 92.1 dielectric loss reduction (Ag’’) after
60 minutes of test. Results are shown for each discrete mode frequency
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6.9 Discussions

Characterizing the dielectric properties of cells can help the proper detection and
possible identification of cells in microfluidic systems. Therefore the identification and
understanding the dielectric properties of cells enables the modeling of the cells at
different frequencies. Depending on the type of detection at low or high frequencies, the
frequency band of the measurement is determined. In this investigation, the need of high
frequency detection implies the measurement of complex permittivity of the cells at high
frequencies. The use of small quantity of biological material with high measurement
accuracy incited the use of cavity perturbation technique for complex permittivity
measurements. An S-Band cavity was fabricated with a minimum magnetic coupling at
the input and output ports. The coupling was manually adjusted by turning the magnetic
loop in the cavity and monitoring the transmission with the best signal to noise level. A
maximum electric field adjustment slot was also created within the wall of the cavity to
get measurements at several discrete frequency measurements (9 frequencies for the
length of 35.6 cm).

Nevertheless it was decided to keep the micropipette, holding the biological
specimen, in the middle of the cavity to record only 5 discrete frequency values to ensure
the good condition of cells during the timeframe of the measurements.

The most significant measurement challenge was the introduction of bulk cancer
cells into the 10ul micropipette to provide the desired high volume fraction. t The tube
containing the cells and the media was centrifuged at 1000 turn/minute for 5 minutes.
The media was removed from centrifuged tube. With very small traces of media in the

tube, cells in bulk form were aspired into the 10ul micropipette for measurement.
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Automatic complex permittivity measurements using the microwave network
analyzer enabled the monitoring of the dielectric properties evolution of cells with time.
The Labview program recorded the measurement over long period of time and recorded
the data in minutes and hours. Data were automatically uploaded in Excel sheet format.
All calculations of central resonant frequency, bandwidth and quality factor with and
without the biological specimen were performed automatically using equation (150) to
obtain the values of the dielectric constant and of the dielectric loss.

Different reference other solutions such as distilled water, ethanol 99 %, acetone,
methanol, glycerol and glycerol-distilled water (1:1) were measured and compared to the
existing data provided by other references. Use of glycerol was driven by its dielectric
properties exhibited by the low dielectric constant and good compatibility with biological
material. Although glycerol-distilled water mixture 1:1 showed a dielectric constant jump
from 5 to about 45 and a dielectric loss from 5 to about 25, the mixture will be easily
filled in the measurement capillary tube.

Finally, the measurement of the dielectric properties of bulk cancer cells (Hela,
prostate, breast and uveal melanoma) with the automatic system provided the effective
complex permittivity of the cell. Using the experimental results of the effective complex
permittivity, the Hanai formula and a Matlab™ code, the permittivity of each cancer cell
line was estimated.

The relative dielectric constant of the cancer cells within 2 to 4.35 GHz varied
from 42 to 68 depending on the type of cancer line. The relative dielectric loss of the
same cancer cells varied from 12 to 22. For the same cancer line, it was observed that the

dielectric constant was almost constant in the S-Band frequency range between 2 and
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4.35 GHz. Only a small increase was observed with increased frequency. One can
therefore deduce that the relaxation time for cells was not attained at the far edge
frequency of these measurements, ensuring an appropriate frequency range for dielectric
properties measurement needed to detect and characterize one cell type from the other.
The dielectric constant and the dielectric loss values of the WBC are between the ones of
prostate cancer cell line PC3 and uveal melanoma line OCM

Therefore, measurement at any frequency between the ranges of 2 to 4.35 GHz

would be appropriate for single cell measurement at microwave frequencies.

6.10 Conclusions

From the dielectric property results of different cancer cells and WBC, these
living cells present higher dielectric loss than the water at RF/Microwave frequencies
between 2 to 4.35 GHz. The explanation of this observation could be explained by
molecular study but this is out of the scope of this research. Knowledge of the complex
permittivity of each cancer cell type enables the modeling of these micro level particles at
high frequencies which are present in microwave transmission lines and systems. Cancer
cells in a flask kept inside an incubator at 37°C with 5 % CO2 can proliferate and grow
easily as long as the cell culture protocol is used. When the same cancer cells are kept
outside the incubator at 23°C, then it is estimated that after one to two hours, the cells
will switch to apoptosis mode. Time evolution measurement (cells kept outside the
incubator and present in the micropipette at 23°C) showed a reduction of the dielectric
constant and dielectric loss of all the cancer cells within 1 hour except for the OCM uveal

melanoma cell line that showed almost no change after 1 hour. This is an observation that
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can be related with the fact that OCM cancer is not as aggressive as the one of the 92.1

cell line and can almost be considered as benign cancer cells.

6.11 Chapter summary

The dielectric properties of different cancer cells are found using high frequency
resonant cavity. This chapter presents the WR284 resonant cavity design and fabrication
details to obtain nine different resonant frequencies ranging from about 2.1GHz to
4.3 GHz. The dimension of the cavity is 3.4 cm x 7.22cm x 35.6 cm. A slot designated to
receive the sample is arranged with a manually adjustable plunger for measurements of
these nine resonant frequencies. Nevertheless, during the measurement the plunger is set
at the geometrical central where the electric field is at its maximum. Therefore, only five
resonant frequencies are measured. The magnetic coupling mechanism between the input

and the output cavity is adjusted for minimum magnetic coupling.

A software program written in Labview with graphic user interface was produced
to perform network analyzer automatic measurement of the complex permittivity of the
specimen. The advantage of the program is that it can store the evolution of the complex
permittivity with time. After measuring bulk samples of cancer cells, single cell complex
permittivity is estimated. In the frequency range between 2.1 to 4.3 GHz, the dielectric

constants vary between 42 and 68 and the dielectric losses between 12 and 22.
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Chapter 7:  On Line Characterization of Biological Cells
and Bulk measurement of cells

7.1 Introduction

The first objective of this chapter is to identify the cross frequency of different type
of cells that enables the centering of single cell in the microchannel. This finding enables
the choice of the proper AC signal frequency for centering different types of cancer cells

or clustering of frequencies for groups of cells.

The second aim is to perform RF/Microwave experimental measurements on single
cell and investigate if this method can be used for characterization of single cell by
signature identification. Simultaneously, cells passing at the interrogation point are also

detected and counted with the RF/Microwave mechanism.

Several devices are used for the purpose of these investigations. For the cross
frequency identification, a chip with several planar electrodes is used to create and
measure the nDEP and the pDEP effect on the living cells. For the single cell
characterization, two microfluidic chips with parallel facing electrodes are used to
detect/count the cells and to perform single cell characterization and signal identification
measurement also called ‘on line measurement of single cell’ by the author. In the first
device, several electrodes are present to center cells by nDEP to the interrogation region
and others for characterization of cells at low and high frequencies. In this device the
overlapping electrodes dimension is 25 pm by 50 um. In the second device only
characterization electrodes are present and the overlapping electrodes dimension is 15 pm

by 120 pm.
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In the earlier chapters, theory showed that real part of the Clausius-Mossotti factor
is negative (nDEP) in some frequency ranges, and positive (pDEP) at others. For single
or two shell particle model, CM could become zero at two different frequencies called
cross frequencies. One cross frequency ranges in KHz region, and another one at several
hundreds of MHZ to GHz region [132]. Measuring the first cross frequency of different
cancer living cells provides the AC frequency needed for each cancer cell centering.
Centering of cells is accomplished by nDEP and is mainly controlled by the low
frequency AC signal’s frequency and amplitude. Measurement of the second cross
frequency (at high frequencies) would be quite challenging and requires special technique
as described in of the research articles [270, 271], hence the pDEP or nDEP forces at the
interrogation point close to RF/Microwave electrodes would be small due to the low

amplitude of the RF/Microwave signal.

7.2 Cross frequency determination of living cells

7.2.1 Introduction

Single cell centering of different living cells requires the determination of the
cross frequency of each cell in the appropriate media. The use of sucrose/dextrose as
media is important to preserve the viability of living cells. Equation (7) of section 3.2.3
shows that the cross frequency is related to the low frequency media conductivity.
Therefore the cross frequency is measured for different media conductivity. DEP effect is
difficult to obtain with high conductivity media [31]. Therefore the measurements are
limited to conductivities between 0 to 20 mS/m. The following section provides results of

cross frequency for different types of cancer cells, RBCs and WBCs, all suspended in

170



media with different conductivities. In chapter 5, while tests were performed with
polystyrene microspheres and Saccharomyces cerevisiae, sucrose/dextrose media was not

used since these two types of particles were well performing in water media.

7.2.2 Material and media preparation

The following steps were performed to prepare the experiments. Melanoma cell
lines 92.1 and OCM and breast cancer cell line MDA231 were removed from flasks using
the standard adherent cell detachment protocol. RBCs were also prepared as described in
chapter 4. The non-adherent WBCs - Jurkat, Clone E6-1 were also removed from flasks

and were ready for mixing with the media for future measurement.

Media consisting of sucrose/dextrose/distilled water is prepared with the
following quantities 85g/3g/912ml respectively. Five tubes of 50 ml are filled with
40 ml of this solution that presented a conductivity of 0 mS/m. Trypsin is added to
change the conductivity of the media. An amount of 167 ul of Trypsin in the 40 ml
solution increased the conductivity of the media to 5 mS/m. Each additional quantity of
167 pl of Trypsin increased the conductivity by 5 mS/m. Therefore the media with

conductivity of 20 mS/m contained 0.83 ml of Trypsin.

The prepared living cells are mixed with 10 ml of 0 mS/m Sucrose/Dextrose
media and centrifuged. This step is necessary to remove RPMI traces. Then 1 ml of

media with the desired conductivity is added and the specimen is ready for testing.
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7.2.3 Cross frequency measurement and results of RBCs, WBCs

and different types of cancer cells

With different media conductivity, different types of cancer cells, RBCs and
WBCs are placed over the cross frequency measurement chip. The chip and its different

size electrodes are shown in Figure 7.1.

Large electrodes Small electrodes

Figure 7.1: Cross frequency measurement chip. The chip consists of several planar
electrodes with different sizes permitting the application of low AC signal and creating
dielectrophoresis forces

The electrodes are designed to create non-uniform electric field enabling
dielectrophoresis forces between electrodes. For the large electrode configuration of
Figure 7.1, the width of electrodes and the smallest gap in between are 150 pm. For the
small electrode configuration, these dimensions are 50 pm. All these electrodes are
connected to the main two wide lines of the chip to receive the AC voltage through the

two red and black electric wires.

By varying the AC applied signal frequency of the generator connected to the two
electric wires, the attraction and repulsion of cells are observed at position where high

electric and low electric fields exist.

172



The frequency with a variation of less than 5 % is noted when nDEP is changed to
pDEP. This is the measured cross frequency of living cells suspended in media with
different conductivities. Table 3 shows the cross frequency of different cancer cells,
RBCs and WBCs suspended in five different media conductivities. The AC generator
used in these measurements (RIGOL DG4062) was set to amplitude of 10 V peak to peak
with a variable frequency from few KHz to 60 MHz. The increase of the voltage to 20 V
peak to peak showed some blow up of cells. This is most probably due to the increased
electric field deforming the physical properties and the shape of the cells. Molecule
analysis to understand the microbiological effect of this high electric field is out of the

scope of this research.

Table 3: The cross frequency of different living cells with different media conductivities.
The measurement error for cross frequency is less than 5 % for all
living cells and all conductivities used during measurement.
The max AC signal frequency of the generator is 60 MHz

Cross om=0mS5/m am =5 mS/m om=10 mS/m om=15 mS/m om=20 mS/m
frequency
RBC From nDEP From nDEP From nDEP From nDEP No DEP effect
to pDEP to pDEP to pDEP to pDEP
f=5KHz%5% | f=20KHz*5% | f=30KHz*5% | f=100KHz%5%
From pDEP
to nDEP
f=12MHz15%
WBC pDEP pDEP pDEP No DEP effect | Mo DEP effact
all frequencies | all frequencies | all frequencies
92.1 (UM) pDEP From nDEP From nDEP From nDEP No DEP effect
all frequencies to pDEP to pDEP to pDEP
f=28KHz%5% | f=48KHz25% | f=90KHz*5%
From pDEP
to nDEP
f=42MHz 5%
OCM (UM} From nDEP From nDEP From nDEP From nDEP From nDEP
to pDEP to pDEP to pDEP to pDEP to pDEP
f=8KHz£5% | f=12KHz+5% | f=38KHz*5% | f=78KHz+5% | f=90KHz%5%
MDA 231 From nDEP From nDEP From nDEP From nDEP From nDEP
to pDEP to pDEP to pDEP to pDEP to pDEP
f=7KHzt5% | f=17KHz%5% | f=21KHz25% | f=33KHz15% | f=36KHz£5%
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7.3 Cell detection and counting

7.3.1 Introduction

RF electrodes in microfluidic chips with microchannel are used to detect and
count the cells that pass by the interrogation point between the facing electrode tips using
a dedicated detection circuit. The 25 um overlap of the facing RF electrodes helps this
detection. The counting is based on the change of the RF/Microwave signal occurring
every time a cell passes through the interrogation point. The RF/Microwave source is
injected at the input of the microfluidic device and the output is connected to a detector
system including an RF detector with its matching network, followed by a filter and a low
frequency amplifier with a high gain. The detector system is connected to the
oscilloscope (Tektronix 2236) at very low detection level and when cells pass slowly
through the tips of the electrodes, a spike can be observed. This information can be
connected to a signal processor to count the number of passing cells. This processing

analysis is not part of this project as it would not pose any challenge to design and build.

7.3.2 RF/Microwave detector

The detector system is made of an input matching network of 24 Q resistor
followed by the detector diode HSMS 2850 and a parallel resistor and capacitor filter of
50 KQ and 1 pF. The input of the low frequency amplifier includes an input 100 KQ
resistor with a non-inverting Op-Amp configuration with a gain of 100 as shown on
Figure 7.2. The DC supply on the Op-Amp TLC271 is = 5 Volts. Several capacitors are

added to the supply inputs to remove noise and offset voltages. The resistor of 24 Q
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matches the diodes at high frequency for a wide frequency band. When the RF signal
arrives at the input of this circuit, the high frequency Schottky diode rectifies the signal
and after the filtering and amplification a rectified/filtered signal is observed at the output

of the detector circuit.

INPUT HSMS-2850 R=100KQ  TLC271
o =

OUTPUT

R=240) C=1 |JF p— R=50K0

R=100K0

R=1K0Q

-

Figure 7.2: High frequency signal detector circuit containing the RF/Microwave detector,
the filtering and amplification components

7.3.3 Cell detection and counting

Figure 7.3 shows the picture of the simple set-up of the counting measurement
system. The input signal is the signal obtained from the high frequency sensing
electrodes. In fact this signal is divided by a high frequency power divider with one path
to the network analyzer for cell characterization and another path to the detection circuit.
The oscilloscope Tektronix 2236 i1s set to the following detection set-up:
10 millivolt/division and 100 millisecond sweep. This sweep time is adapted to the slow
cell flow in the micro channel required for cell characterization. When cells pass through
the RF sensing electrodes, spikes of 5 to 25 mVolts are observed on the oscilloscope. The

picture of the detector circuit is shown in Figure 7.4.
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O——1 Detector Oscilloscope
INPUT
: system

Figure 7.3: Simple measurement set-up for high frequency detection of cells

Figure 7.4: A picture of the detector circuit with the Schottky diode detector at the left and
the amplifier circuit at the right

7.3.4 Discussions

Several authors used low frequency detection method to detect and count cells
passing through a low frequency system. With this experiment, since high frequency
electrodes are already present for characterization measurement, they are also used to
detect and count cells. The set-up and components needed for this measurement is simple
and only a detector with a surrounding electronic and processing system is needed. The
main requirement is to divide the RF output signal of the microfluidic device through a
divider. The loss due to the division of the signal is not critical since the characterization
measurement is a relative measurement (insertion loss change) that can be amplified if
needed.
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7.4 On line characterization and identification

7.4.1 Introduction

Single cell measurements are performed with devices having microfluidic channel
as presented in chapter 5. As described earlier, the first device contains electrodes for
centering and cell characterization, and the second device has only RF/Microwave
characterization electrodes. The presence of different electrodes in the first device
enables centering, detection of cells and RF/Microwave measurements. Suspended cells
in a prepared media are injected with Harvard Apparatus pump via syringe and plastic
tubing into the microchannel. Very low rate of about 0.5 ml/hr is set on the pump for
single cell characterization. When cells enter into the channel, appropriate low frequency
AC signal is applied on centering electrodes to focus the cells into the RF/Microwave
interrogation point in the channel. At the interrogation point, the RF electrode overlapped
tips detect the passage of single cell. The fluidic movement is observed under the
microscope (OMANO OMO900). Insertion loss and return loss measurements are
performed without and with the cell in the media. The change in the frequency response
(insertion loss and return loss) with and without the cell presents the signature identifying

the type of the cell.

In this section, the description of each device is provided, followed by the
analytical results of the transmission line characteristics of the entire structure. The
measurement results for dielectric properties of each cell and different media presented in
chapter 6 is the main input information for modeling the single cell under the electrodes.

In fact, the single cell present under the overlapping electrodes is studied numerically by
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simulation on HF Works and analytically, considering the dielectric properties of the
living cells and the media to be used during the measurements. The capacitances
presented by the different types of living cells being very small, the height of the
microchannel is critical for the sensitivity of the RF/Microwave measurement. With the
RF/Microwave measurement and measured complex permitivities of the living cells and
the media, the single cell under parallel facing electrodes is easily modeled enabling the
comparison between the experimental single cell measurement and the
simulated/analytical models of the cell and the RF/Microwave path. The complex
permittivity of living cells used in the model is a simple lumped capacitance in parallel

with a resistance.

7.4.2 Single cell model in the in the RF/Microwave path

The transmission line model of section 3.3, the single cell model of section 3.4,
the cell and the media complex permittivity results of section 6.8.2 and the exact
dimensions of the electrodes in the microchannel enable the exact modeling and
simulation of the entire characterization structure with and without the particle. In the
following paragraphs, a discussion on the geometric dimensions of microfluidic devices

followed by modeling and simulation of the structure is presented.

7.4.2.1 Geometrical dimensions of the electrodes and the

microchannel of the two devices

The two fabricated microfluidic devices for cell characterization have different

geometrical dimensions and are presented in the next sub-sections.
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7.4.2.1.1 The first device

The width and the height of microchannel are 300 pm and 50 pm respectively. A
channel width of 300 um is initially considered to avoid cell clotting if cells happen to be
in cluster form. Considering the diameter of cells to be close to 25 um, a channel height
of 50 um is chosen to avoid clotting of the cell while moving by the interrogation point.
The overlapped electrode dimensions are 50 pm by 25 pm with a gap of 50 pum
representing the height of the channel (Figure 7.5). The design of the 25 um overlap is
performed to improve the sensitivity of the system with and without the presence of the
particle or the living cell. A better sensitivity is obtained when the cell takes all the
volume under the overlapping electrodes and when the fringing capacitance is at its

minimum effect. This microfluidic device is already described in chapter 5.

300 pm

_}{_

Focusing
Electrodes

50 um

Overlapped
Measurement

Electrodes

Focusing
Electrodes

Figure 7.5: A top view picture of the microchannel and the electrodes of first device for
single cell characterization. The height of the channel is 50 pm and all electrodes widths and
gaps are 50 pm
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7.4.2.1.2 The second device

The second microfluidic channel is fabricated using two substrates with gold
patterned electrodes (part number IAME 15 04 Au) from ABTECH Scientific, Inc. All
the patterned electrodes at the tips have the same length, with width and gap equal to

15 um. At the interrogation tips of these substrates, the electrodes are covered by a

silicon nitride layer.

The microchannel is made of silicone layer as described by the fabrication
procedure of chapter 5. The width and the height of microchannel are 120 um and 40 pum.
Since the tips of all electrodes have the same length, then the overlapping is covered for
the entire width of the channel and the overlapped electrode dimensions are 120 pm by
15 pm with a gap of 40 um (Figure 7.6). The major difference between this device and
the first device is the height that is reduced from 50 to 40 pm. The height of this device is
smaller than the first device for better sensitivity. Nevertheless this device does not
include centering electrodes and having smaller channel width compared to the first

device will help the centering of cells.

Figure 7.6: The substrate of the second device (ABTECH Scientific, Inc.) fabricated for a
height of 40 um and line widths and gaps of 15 pm
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Figure 7.7: A picture of the second device with the 2 SMA high frequency connectors

7.4.2.2 Analytical model of the CPW of the entire microstructure

The first microdevice is made of four different CPW transmission line segments
(Figure 7.8). The first segment is a standard CPW configuration and the others are
modified configurations as described in chapter 3. The insertion loss and the return loss
of the entire device including the repetition of 4 segments to the left and to the right of
the overlap section, and the middle 5t segment representing a gap capacitance including
a suspending particle in a media, are computed using a Matlab code. In the model of the
entire CPW lines, the particle and the media are simplified by modeling them as

capacitances without any parallel resistances.

The theoretical study made in chapter 3 for CPW transmission lines considered
that the lines are lossless. If the transmission lines are considered to have loss, then for a

transmission line with a length 1, the ABCD matrix is defined as:

cosh(yl) Z, sinh(yl)
(c Dj: @ cosh(7l) (153)

o

where 7 is the propagation constant, @ is the attenuation and 7 =&+ B .
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With @ =0.01 dB/mm, an acceptable value for transmission lines in the frequency
range close to 2 GHz [272], the analytical results obtained with Matlab for the insertion
loss and the return loss for the entire system (including the 9 segments) are shown in

Figure 7.9 and Figure 7.10 respectively.

ZIII
Segment 5t Segment
1% <« — 30 Overlap gap
Segment Segment capacitance
«— - G =

Figure 7.8: Different CPW line segments in the microdevice. The 4 segments on the left of
the center overlap section are repeated on the right

The insertion and return losses of the RF/Microwave transmission lines with and
without the particle are plotted for the following dielectric constant of the particle and the
media: g, = 50, ¢, = 75 and ¢, = 18. With and without the particle, the return losses in
the 2 to 4.5 GHz range are close to -0.7 dB indicating that most of the injected signal is
returned back to the source. This is expected due the presence of the gap enabling small
capacitances or high impedances compared to 50 Q. For ¢,, = 75, the insertion losses with
and without the particle in the 2 to 4.5 GHz range are -35 and -45 dB, and for ¢, = 18

they are -45 and -47. The increase of the insertion losses by 4 to 7 dB from 2 to 4.5 GHz

182



is due to the decrease of the capacitance reactance of the overlapped region versus the
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Figure 7.9: Analytical results of the return loss of the RF/Microwave path consisting of
CPW lines and with or without a particle between the parallel facing electrodes with
different media dielectric constant of ¢,,= 75 and ¢,, = 18
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Figure 7.10: Analytical results of the insertion loss of the RF/Microwave path consisting of
CPW lines and with or without a particle between the parallel facing electrodes with
different media dielectric constant of ¢,,= 75 and ¢,, = 18
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7.4.2.3 Simulation of the single living cell in between two parallel

facing overlapping electrodes within the micro devices

Knowing the RF/Microwave frequency dielectric properties of the cells and the
media, it is possible to model the cell under the overlapping parallel facing electrodes.
This is accomplished numerically and analytically. In this section, the single cell between

the overlapping electrodes is simulated using HFWorks high frequency simulator.

Figure 7.11: A picture with two different angles (in HFWorks) of a particle between two
facing electrodes. The particle is assumed spherical. The overlapped electrodes are seen at
the tips
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The simulation is performed with ¢,* = 50 — 18 and ¢,,* = 75 — j18. The results in
Figure 7.12 show that with the particle present between electrodes the insertion loss in
the 2 to 4 GHz range varies from -32 dB to about -26 dB. High values for insertion loss at
high frequencies are due to the gap and the particle impedances between the two
electrodes. In the same frequency range, the return loss varies between -1.5 dB to -3 dB.
Therefore this path shows bad reflection due to the high impedance of the particle

compared to the 50 Q transmission line characteristic and load impedance.

Insertion loss (dB)— 521 * Study name: Study 1
Retuin loss (dB) - 511

-1 55643

Plot Type: Electrical Parameters

459485

-1667798

2171830

-26.75901 : 1
e ;. sp———
o e ——
___,--w—'—‘ y
o ‘_‘-_,.-h—""_'" EH
3179953 Lomeemmr
200 233 267 in i3 16 400
Frequency (GHz)

Figure 7.12: Simulation results of the insertion loss and the return loss of the RF/Microwave
path with the particle between the overlapped parallel facing electrodes
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Figure 7.13 shows the comparison of the insertion losses with and without the

particle. The insertion loss variation is about 1.5 dB.
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Figure 7.13: Simulation results of the insertion losses of the RF/Microwave path with and
without the particle between the overlapped parallel facing electrodes

In this simulation, particle and media dielectric properties are chosen close to the
values of uveal melanoma cell line 92.1 (for the particle) and of sucrose/dextrose (for the
media). The geometric dimensions are chosen identical to the first device where

overlapped electrodes are 50 um by 25 um with a channel height of 50 um. The insertion
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loss of the overlapped electrodes without the particle is smaller than the insertion loss

with the particle.

7.4.2.4 Analytical model of the single living cell in between two
parallel facing overlapping electrodes within the micro

devices

With the knowledge of geometric dimensions of the micro channels and
electrodes and the single cell models of section 3.4, this section presents the analytical
model of overlapped parallel facing electrodes with and without a single living cell. The
impedance models and the insertion losses (with and without the cell) are evaluated for
different heights of the microchannel. The cell models used in this analysis are for uveal
melanoma cell line 92.1 and WBC - Jurkat, Clone E6-1. These cells are suspended in
different media namely a mixture of water with sucrose/dextrose and a mixture of
Glycerol with Trypsin. The purpose of using the sucrose/dextrose is to preserve the

viability of cells by avoiding the osmotic blow-up of cells [31].

Glycerol with Trypsin is mainly used to obtain a dielectric constant value much
different from those of the cells. This will increase the sensitivity of the system with and

without the cell.

The dielectric properties of cells and media at high frequencies, and the cell

dimensions used in this analysis are:
e For92.1,¢,*=52—]15, with cell modeled as a cube having 20 pm side

e For WBC, ¢,* =58 —j17, with cell modeled as a cube having 8 pm side
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The cube shape is assumed, as continuity of the cells and media are required in this type

of analysis.
e For sucrose/dextrose, &,*=75-j10
e For Glycerol, ¢,*=18 —j18

These complex permittivity values are used from the cell permittivity measurements of
chapter 6. The impedance models and the insertion losses with and without particles are

computed using a Matlab code.

7.4.2.4.1 Analytical model results for cell line 92.1 in Glycerol

For the overlapped parallel facing electrodes, the total impedance model Z;
(without the cell) and the total impedance model Z, (with the cell) are shown in

Figure 7.14. The difference between Z, and Z; is shown in Figure 7.15.

The insertion loss for series capacitance is calculated using the following matrix:

4 B (1 Z
(C DJ_(O 1} (154)

and Z takes the value of Z; or Z,.

where Z =
j2x fC

Similarly the associated insertion losses and the insertion loss difference are
shown in Figure 7.16 and Figure 7.17. Figure 7.18 is drawn explicitly to clearly show the
influence of the height of the channel on the difference of the insertion loss with and
without the cell. The change in the insertion has an exponential behavior for heights

smaller than 30 pm.
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Total impedance without particle Total impedance with particle
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Figure 7.14: The total impedance of overlapped parallel facing electrodes with (Z1) and
without (Z2) the 92.1 cell. The cell is suspended in Glycerol
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Figure 7.15: The difference of the total impedance with and without the 92.1 cell (Glycerol)

The impedances Z1 varies between about 1300 Q to 3280 Q at 4 GHz with the
increase of channel height from 30 to 150 um. At 2 GHz Z1 varies between 2750 Q to
6750 Q. The impedances Z2 varies between about 1000 Q to 3250 Q at 4 GHz with the
increase of channel height from 30 to 150 um. At 2 GHz Z2 varies between 2150 Q to
6700 Q. The difference between Z2 and Z1 is at its maximum 1300 Q at 30 um and
1 GHz. Therefore when the channel height becomes smaller, the impedance change is

greater between measurements with and without the cell.
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Figure 7.16: The insertion loss of overlapped parallel facing electrodes with and without the
92.1 cell. The cell is suspended in Glycerol
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Figure 7.17: The difference of the insertion loss with and without the 92.1 cell (Glycerol)

The insertion loss difference is larger when the channel height is reduced. When
the height is equal to 30 um the insertion loss difference between the measurements with

and without the cell is close to about 5 dB for all frequencies in the range of 1 to 4 GHz.
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6 Difference in insertion loss (with-without)
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Figure 7.18: Another view of the difference of the insertion loss with and without the 92.1
cell (Glycerol)

7.4.2.4.2 Analytical model results for cell line 92.1 in

sucrose/dextrose

The last section analysis is repeated with sucrose/dextrose media. As observed on
Figure 7.22 and Figure 7.23, the variation in the insertion loss with and without the cell is
less and this is attributed to the fact that in this model, the dielectric properties of the cell
is closer to the sucrose/dextrose dielectric properties than to the Glycerol. The total
impedance model Z; (without the cell) and the total impedance model Z, (with the cell)

are shown in Figure 7.19. The difference between Z, and Z; is shown in Figure 7.20.
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Figure 7.19: The total impedance of overlapped parallel facing electrodes with (Z1) and
without (Z2) the 92.1 cell. The cell is suspended in sucrose/dextrose
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Figure 7.20: The difference of the total impedance with and without the 92.1 cell
(sucrose/dextrose)

The impedances Z1 varies between about 400 Q to 900 Q at 4 GHz with the
increase of channel height from 30 to 150 um. At 2 GHz Z1 varies between 850 Q to
1750 Q. The impedances Z2 varies between about 350 Q to 900 Q at 4 GHz with the
increase of channel height from 30 to 150 um. At 2 GHz Z2 varies between 700 Q to
1780 Q. The difference between Z2 and Z1 is at its maximum 290 Q at 30 um and
1 GHz. Therefore when the channel height becomes smaller, the impedance change is

greater between measurements with and without the cell.
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Figure 7.21: The insertion loss of overlapped parallel facing electrodes with and without the
92.1 cell. The cell is suspended in sucrose/dextrose
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Figure 7.22: The difference of the insertion loss with and without the 92.1 cell
(sucrose/dextrose)

The insertion loss difference is larger when the channel height is reduced. When
the height is equal to 30 um the insertion loss difference between the measurements with

and without the cell is close to about 3 dB for all frequencies in the range of 1 to 4 GHz.
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4 Difference in insertion loss (with-without)
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Figure 7.23: Another view of the difference of the insertion loss with and without the 92.1
cell (sucrose/dextrose)

7.4.2.4.3 Analytical model results for WBC in Glycerol

WBC - Jurkat, Clone E6-1 being small compared to the 92.1 cell, the volume of
the media occupied under the electrodes is much bigger than the volume of WBC. As
observed on Figure 7.25, Figure 7.27 and Figure 7.28, this situation has the effect to
reduce the variation of the impedances and the insertion losses when cell is present or
not. The total impedance model Z; (without the cell) and the total impedance model Z,
(with the cell) are shown in Figure 7.24. The difference between Z, and Z; is shown in

Figure 7.25.

195



Total impedance without particle

Total impedance with particle

15000, - : o : - 15000
10000

10000

5000. -

Impedance Z1 ()

5000. -

Impedance Z2 (2)

Figure 7.24: The total impedance of overlapped parallel facing electrodes with (Z1) and
without (Z2) the WBC. The cell is suspended in Glycerol
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Figure 7.25: The difference of the total impedance with and without the WBC (Glycerol)

The impedances Z1 varies between about 1410 Q to 3400 Q at 4 GHz with the
increase of channel height from 30 to 150 um. At 2 GHz Z1 varies between 2775 Q to
6755 Q. The impedances Z2 varies between about 1400 Q to 3400 Q at 4 GHz with the
increase of channel height from 30 to 150 um. At 2 GHz Z2 varies between 2750 Q to
6750 Q. The difference between Z2 and Z1 is at its maximum 48 € at 30 um and 1 GHz.
Therefore when the channel height becomes smaller, the impedance change is greater

between measurements with and without the cell.
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Figure 7.26: The insertion loss of overlapped parallel facing electrodes with and without the
WBC. The cell is suspended in Glycerol
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Figure 7.27: The difference of the insertion loss with and without the OCM (Glycerol)

The insertion loss difference is larger when the channel height is reduced. When
the height is equal to 30 um the insertion loss difference between the measurements with
and without the cell is close to about 0.2 dB for all frequencies in the range of 1 to 4

GHz.
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Figure 7.28: Another view of the difference of the insertion loss with and without the WBC
(Glycerol)

7.4.2.4.4 Analytical model results for WBC in sucrose/dextrose

When Glycerol is replaced by sucrose/dextrose, the variation in the insertion loss
is less than the one encountered for the case of with and without WBC. This reduction is
observed on Figure 7.32 and Figure 7.33. It is attributed to the fact that in this model, the
dielectric properties of the cell is closer to sucrose/dextrose properties compared to
Glycerol. The total impedance model Z; (without the cell) and the total impedance model
Z, (with the cell) are shown in Figure 7.29. The difference between Z, and Z; is shown in

Figure 7.30.
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Figure 7.29: The total impedance of overlapped parallel facing electrodes with (Z1) and
without (Z2) the WBC. The cell is suspended in sucrose/dextrose
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Figure 7.30: The difference of the total impedance with and without the WBC
(sucrose/dextrose)

The impedances Z1 varies between about 413 Q to 875 Q at 4 GHz with the
increase of channel height from 30 to 150 um. At 2 GHz Z1 varies between 830 Q to
1760 Q. The impedances Z2 varies between about 410 Q to 874 Q at 4 GHz with the
increase of channel height from 30 to 150 um. At 2 GHz Z2 varies between 825 Q to
1759 Q. The difference between Z2 and Z1 is at its maximum 48 Q at 30 um and 1 GHz.
Therefore when the channel height becomes smaller, the impedance change is greater

between measurements with and without the cell.
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Figure 7.31: The insertion loss of overlapped parallel facing electrodes with and without the
WBC. The cell is suspended in sucrose/dextrose
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Figure 7.32: The difference of the insertion loss with and without the OCM
(sucrose/dextrose)

The insertion loss difference is larger when the channel height is reduced. When
the height is equal to 30 um the insertion loss difference between the measurements with

and without the cell is close to about 0.1 dB for all frequencies in the range of 1 to 4

GHz.
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Figure 7.33: Another view of the difference of the insertion loss with and without the WBC
(sucrose/dextrose)

All these results confirm the utility of using small channel height to increase the
sensitivity of the measured insertion loss difference. It is not only the contribution of the
dielectric constants of the cell and the media that needs to be considered, the dielectric
losses are also important to consider in the single cell model under the overlapped

parallel facing electrodes.
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7.4.3 Single cell RF/Microwave measurements for cell
characterization

7.4.3.1 Material and media preparation

Cells need to be kept in a media for their survivability and good health within the
measurement period of time. The two selected media are sucrose/dextrose and Glycerol.
Sucrose/dextrose is a sugar based media having a dielectric constant close to the water at
high frequencies. Glycerol, although sweet tasting, is a triglyceride based media that is
soluble in water and has very low dielectric constant, close to ethanol’s dielectric
constant at high frequencies. Cells survive longer in sucrose/dextrose and can survive

limited time only in Glycerol.

The details of the preparation of the sucrose/dextrose with different media

conductivity values are already given in paragraph 7.2.2 .

For Glycerol, the material is acceptable to insure the viability of cells during the
period of time required for the measurement. At high frequencies, the glycerol dielectric
constant and dielectric loss are equal to about 6 and 4 respectively. The high contrast of
dielectric properties between this media and cells increases the sensitivity of the insertion
loss measurement. Trypsin is added to the Glycerol (Glycerol-Trypsin ratio 3.5:1) to
obtain DC conductivity between 10 and 20 mS/m. This mixture gives a dielectric
constant of about 18 and dielectric loss of 18. Trypsin helps also reducing the clustering

of cells.

Next, cells are suspended in the prepared media and are injected through a syringe

of 1ml with a flow set on the pump of about 0.5 ml/hm.
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7.4.3.2 Single cell RF/Microwave measurement set-up

The insertion and return losses (amplitudes only) are measured with the network
analyzer Agilent 8722ES given its high dynamic operating range. The power injected to
any device under test (DUT) can be easily adjusted by the set-up of the network analyzer
by adding internal analyzer attenuation in front of RF/Microwave internal source.
Although relative measurements are performed with and without the cells in the media,
the calibration of the network analyzer is required for two reasons: it helps removing the
cross talks between port 1 and port 2 of the network analyzer, and it gives a good
understanding of measurement results compared to the ones simulated and analytically
modeled. Therefore, before starting the tests the network analyzer is calibrated for a wide
frequency range from 1 to 12 GHz. The RF/Microwave power is set to less than 0 dBm.
The frequency responses of insertion and return losses are saved as an Excel file through

the Agilent 82357B USB/GPIB Interface.

The complete RF/Microwave measurement set-up for the first device is given in

Figure 7.34.
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Figure 7.34: The complete RF/Microwave measurement set-up for the first device

The integrated microfluidic channel (first device) and the electronic circuit of
Figure 5.13 are connected to the RF/Microwave network analyzer through the two SMA
connectors. AC voltages are applied to the BNC connectors on the focusing electrodes
with the appropriate amplitude and frequency determined from the cross frequency
results of section 7.2. As for the second device, it is directly connected to the network

analyzer.

The measurement set-up for the second device is given Figure 7.35.
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Figure 7.35: The complete RF/Microwave measurement set-up for the second device
7.4.3.3 Cells centering

In the first microfluidic device, when the cells are flown at very low velocity and
the dielectrophoresis force dominates on the other forces, the cells are attracted or
repelled from the centering electrodes. Negative DEP mechanism enables cell centering
and directs the cells to the tips or RF/Microwave electrodes for high frequency
measurement. These high frequency electrodes are also used simultaneously to detect and

count cells passing through the microchannel.

In section 7.2 the WBCs - Jurkat, Clone E6-1 show always pDEP for all DC
conductivities of the media and all low AC frequencies, whereas uveal melanoma cells
(lines 92.1 and OCM) show negative and positive DEP effect determined by the applied

low AC signal frequency.
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Therefore with the presence of dielectrophoresis effect, when WBCs - Jurkat,
Clone E6-1 arrive close to the focusing electrodes, they are attracted by these electrodes

and they are not centered.

Bulk WBCs, uveal melanoma cell lines 92.1 and OCM suspended in 10 mS/m
sucrose/dextrose are filled into syringes for injection into the first device microchannel

and DEP measurements.

7.4.3.3.1 WBC measurements

The suspended WBCs - Jurkat, Clone E6-1 are injected slowly into the
microchannel and a 1 MHz AC signal at 20 Volts peak to peak is applied on the focusing
electrodes. Figure 7.36 shows the pDEP effect on two types of focusing electrodes. The
cells are gathered around the edges of these electrodes. Changing the frequency did not
change the effect of pDEP. Nevertheless when the frequency is reduced to 10 KHz
bubble creation through the water dissociation starts. Figure 7.37 shows the bubble at the

center of the electrodes.

Figure 7.36: pDEP is observed on bulk WBCs — Jurkat, Clone E6-1 attracted by the 2 types
of focusing electrodes (Y shape and trapezoidal shape) within the microchannel. AC signal
frequency is 1 MHz with amplitude of 20 Volts peak to peak
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Figure 7.37: With a frequency of 10 KHz the WBCs — Jurkat, Clone E6-1 are still under
pDEP but a bubble is created between the trapezoidal electrodes

Figure 7.38 shows the pDEP vanishing effect when the generator is turned off and
cells are detached from the electrodes due to the absence of the DEP force. The cloud of
WBC follows the flow direction, in this case downward. Reduction of the amplitude from
20 to 10 Volts peak to peak reduces the attraction force on the cells. With 20 Volts peak
to peak, reducing the frequency from 1 MHz to 20 KHz also yields reduction in the

attraction force of the cells by the electrodes.

Figure 7.38: When the signal of the generator is turned off, WBCs — Jurkat, Clone E6-1
follow the flow of the media and the effect of pDEP is slowly vanishing. The 2 pictures show
the evolution of the DEP vanishing effect with WBCs that are detached from the electrodes
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7.4.3.3.2 Uveal melanoma cell lines 92.1 measurements

The suspended uveal melanoma cells line 92.1 are injected slowly into the
microchannel and a 1 MHz AC signal at 20 Volts peak to peak is applied on the focusing
electrodes. Figure 7.39 shows the pDEP effect on the focusing electrodes. The cells are
gathered around the edges of these electrodes. Figure 7.40 shows the nDEP effect when

the frequency is changed from 1 MHz to 50 KHz. The four pictures show the movement

evolution of the cell at the center of the channel.

Figure 7.39: pDEP is observed on uveal melanoma cells line 92.1 attracted by the focusing
electrodes within the microchannel. AC signal frequency is 1 MHz with amplitude of
20 Volts peak to peak
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Figure 7.40: nDEP is observed on uveal melanoma cells line 92.1 repulsed from the focusing
electrodes and centered within the microchannel. AC signal frequency is 50 KHZ with
amplitude of 20 Volts peak to peak. In the four pictures the movement of the 92.1 cell at the
center is observed. As seen in these pictures, when the particle gets close to the center of the
channel with a smaller electrodes gap, the velocity of the particle is higher and the clarity of
the picture of the particle is reduced due to this higher speed effect

7.4.3.3.3 Uveal melanoma cell lines OCM measurements

The suspended uveal melanoma cells line OCM is injected slowly into the
microchannel and a 1 MHz AC signal at 20 Volts peak to peak is applied on the focusing
electrodes. Figure 7.41 shows the pDEP effect on the focusing electrodes. The cells are
gathered around the edges of these electrodes. Figure 7.42 shows the nDEP effect when
the frequency is changed from 1 MHz to 10 KHz. The two pictures show the movement

evolution of the cell at the center of the channel.
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Figure 7.41: pDEP is observed on uveal melanoma OCM cells attracted by the focusing
electrodes within the microchannel. AC signal frequency is 1 MHz with amplitude of
20 Volts peak to peak

Figure 7.42: nDEP is observed on uveal melanoma OCM cells repulsed from the focusing
electrodes and centered within the microchannel. AC signal frequency is 10 KHZ with
amplitude of 20 Volts peak to peak

7.4.3.4 Single cell RF/Microwave measurements

The analytical single model between two overlapped electrodes showed that for

better sensitivity the height of the channel should be small. Therefore, the second device
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is used to do the RF/Microwave measurements of characterization. For high frequency
measurement response four parameters could be measured (insertion and return loss,
amplitude and phase). Measurements show that the system is noise sensitive to the phase
change even with just the movement of the media without the presence of the cell.
Therefore phase variation information would be difficult to interpret at this moment and
will be part of the future work. The amplitude responses of the insertion loss and the
return loss are already evaluated with CPW numerical and analytical model with and
without the particle. Hence, only the amplitudes of the insertion loss and return loss with

and without cell are measured and are compared for differentiation.

Measurements of insertion losses and return losses are carried out with empty
channel (air), with the media (Glycerol) and with the suspended single cell (92.1 and
WBC - Jurkat, Clone E6-1). Since this device does not have focusing electrodes, the
centering is controlled by the slow injection of cells in the channel and monitoring under

the microscope the centering of cells.

Figure 7.43, Figure 7.44, Figure 7.45 and Figure 7.46 show the insertion losses of
the channel response with air, with Glycerol and the suspended single cell of 92.1 and
WBC - Jurkat, Clone E6-1 in Glycerol. The same measurements for the return losses are
given in Figure 7.47, Figure 7.48 and Figure 7.49. These measurements are performed
with a frequency swept from 1 to 12 GHz. Comparison between these curves are easier
with reduced frequency range. Therefore, the curves of Figure 7.50, Figure 7.51, Figure

7.52, Figure 7.53, Figure 7.54, Figure 7.55 and Figure 7.56 are shown from 2 to 4.5 GHz.
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Figure 7.43: Insertion loss of the channel response filled with air (1 to 12 GHz)
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Figure 7.44: Insertion loss of the channel response filled with Glycerol (1 to 12 GHz)

The insertion loss response of the channel filled with air shows several peaks
from 1 to 12 GHz. The high peaks have values between -22.5 to -25 dB. The low peaks

have values as low as -60 dB. Similar behavior is observed when the channel is filled
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with Glycerol, though the peak values are slightly changed. The overall response from

1 GHz to 12 GHz of these two insertion losses is different.
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Figure 7.45: Insertion loss of the channel response filled with suspended single 92.1 cell in
Glycerol (1 to 12 GHz)
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Figure 7.46: Insertion loss of the channel response filled with suspended single WBC in
Glycerol (1 to 12 GHz)

The insertion loss response of the channel when a suspended 92.1cell passes

through the interrogation point has high peaks values close to -25 dB. The low peaks
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have values as low as -60 dB. Similar behavior is observed when a suspended WBC
passes through the interrogation point, though the peak values are reduced by about 2 to
3 dB. This difference of 2 to 3 dB is validated when compared with the single cell
analytical model of section 7.4.2 . Again, the overall response from 1 GHz to 12 GHz of

these two insertion losses is different.
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Figure 7.47: Return loss of the channel response filled with air (1 to 12 GHz)
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Figure 7.48: Return loss of the channel response filled with Glycerol (1 to 12 GHz)
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Figure 7.49: Return loss of the channel response filled with suspended single 92.1 cell in
Glycerol (1 to 12 GHz)

The response of the return loss did not show a real appreciable change when
channel is filled with air, Glycerol or suspended single cell. The observation is validated

when compared with the single cell analytical model of section 7.4.2 .
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Figure 7.50: Insertion loss of the channel response filled with air (2 to 4.5 GHz)
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Figure 7.51: Insertion loss of the channel response filled with Glycerol (2 to 4.5 GHz)
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Figure 7.52: Insertion loss of the channel response filled with suspended single 92.1 cell in
Glycerol (2 to 4.5 GHz)

When the insertion loss data are presented in much narrower frequency range

between 2 to 4.5 GHz, the measurement variation is observed for each situation and the
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data differences over this frequency range can be analyzed for further processing by

signature comparison and differentiation.
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Figure 7.53: Insertion loss of the channel response filled with suspended single WBC in
Glycerol (2 to 4.5 GHz)
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Figure 7.54: Return loss of the channel response filled with air (2 to 4.5 GHz)
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Figure 7.55: Return loss of the channel response filled with Glycerol (2 to 4.5 GHz)
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Figure 7.56: Return loss of the channel response filled with suspended 92.1 cells in Glycerol
(2 to 4.5 GHz)

With the frequency range between 2 to 4.5 GHz, the return loss results are slightly
different with the presence of the cell. This can be attributed to several reflections at

different points of the microwave transmission lines.
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During the measurement both devices are covered with metallic enclosure to

reduce the effect of noise injected from the external environment.

Figure 7.57 shows the two metallic enclosures covering the two devices. Since
the second device is very fragile, its cover has a large opening to let the inlet and outlet
tubing be connected with the device. For the first device only a small opening is required

for microscope monitoring of the channel.

Metallic enclosure for the first device Metallic enclosure for the second device

(€)) (b)

Figure 7.57: The metallic enclosure for noise reduction over the first device (a) and the
second device (b)

7.4.3.5 Challenges and discussion

The insertion loss responses for Glycerol media, single 92.1cell and single WBC
(Figure 7.44, Figure 7.45 and Figure 7.46) show a big variation within the frequency
range of 1 to 12 GHz. Insertion loss values vary from about -26 dB to as low as -60 dB.
Several negative peaks suggest the presence of some type of resonance where the input

RF/Microwave signal is completely blocked at these peak frequencies. The reason of
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these high attenuations is difficult to interpret with the complexity of the micro device.
Nevertheless at frequencies within the interested band of 2 to 4.5 GHz (cells were
measured in this band of frequency for complex permittivity), the insertion loss results

behave closely to the analytical models.

With the frequency range between 2 to 4.5 GHz, the return loss results are slightly
different with the presence of the cell. This can be attributed to several reflections at

different points of the microwave transmission lines.

Measurement results of Figure 7.55 (media) and Figure 7.56 (92.1) show that the
return losses with and without cell (with cell or only with media) have the same type of
response but are not identical. Similar return loss behavior is confirmed when compared
to the simulated and analytical results. Nevertheless, the response does not show a
smooth constant value as obtained by theoretical analysis. Drastic change of return loss
value to about -10 dB is probably due to several reflections at the SMA connector
interfaces, microchannel substrate interface and the impedance changes between each
segment of CPW. This variation influences the insertion loss response since the insertion

loss is also related to the mismatch losses.

The characterization of different cells (92.1 and WBC) enables insertion loss
difference signature. Therefore to observe this differentiation signature, the insertion loss
differences between media and single 92.1 cell, media and single WBC, and single 92.1

cell and single WBC are given in Figure 7.58, Figure 7.59 and Figure 7.60 respectively.
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Figure 7.58: Insertion loss difference between media and single 92.1 cell (2 to 4.5 GHz)

Insertion loss difference (dB)

Vector Network Analyzer (8720ES)

1.00E+01

8.00E+00

6.00E+00

4.00E+00

2.00E+00

0.00E+00

-2.00E+00

Media and OCM

-4.00E+00

\_/

-6.00E+00

-8.00E+00

-1.00E+01

2.00E+09

3.00E+09
Frequency (Hz)

4.00E+09

Figure 7.59: Insertion loss difference between media and single WBC (2 to 4.5 GHz)
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Figure 7.60: Insertion loss difference between single 92.1 cell and single WBC (2 to 4.5 GHz)

These three signatures can be used to compare the type of the cell passing through
the channel. For other type of cancers (MDA231, PC3 and Hela) tests can be repeated

using the same technique and the associated signature differentiation can be obtained.

During the repetition of tests, variation in response was noticed. This variation is
dependent with the movement of non-homogeneous fluid within the microchannel
(containing micro impurities and other attached micro particles), and the presence of the
unpredicted variation of the reflection response and the resonance effect of the insertion
losses. Therefore, sometimes it is difficult to continuously validate one by one the
signatures of all passing cells and identify the type of cancer present at the interrogation
point. Moreover, after several experimentations and investigations, visual observation on
the network analyzer showed a variation of insertion loss close to 1.5 dB for single 92.1
cell and close to 0.5 dB for single WBC. These observations are quite close to the

analytical calculations. The analytical results and the experimental results suggest the
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reduction in the channel height increasing the variation of the insertion loss with and

without the cell, and hence increasing the sensitivity of the system.

7.5 Chapter summary

In this chapter the cross frequency of different cancer cells suspended in
sucrose/dextrose with different DC conductivities are found. The cross frequency
determines the transition between nDEP to pDEP. WBC experiences only pDEP for DC
conductivity of the media between 0 to 20 mS/m. For a conductivity of 10 mS/m, the
lowest transition frequency from nDEP to pDEP was for the MDA231, followed by the

RBC, OCM and 92.1 cells.

For cell detection and counting, an RF detection circuit is proposed and
experimented. The main component of the circuit is a high frequency Schottky detector.
The output of the RF/Microwave electrodes is used to detect the cells passing through the

microchannel.

With the help of the dielectric property measurements (off line measurement) of
different cancer cells, analytical models are created for 92.1 and WBC cells suspended in
two media namely sucrose/dextrose and Glycerol. On line measurements are also
performed by passing the suspended cells within the media into the center of the
microchannel. Measurements of 92.1 and WBC are compared for signature identification.
The signature is used to compare two different cells with different dielectric properties

and different geometrical dimensions.
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Chapter 8: General conclusions, Summary of
contributions and Future Work

8.1 General conclusions of the research study

The main objective of this research is to investigate the feasibility of a new
approach and of a measurement technique to characterize cancer cells through non-
chemical destructive assays. Several characterization techniques using micro devices are
investigated by other authors and researchers. Most of these techniques use low
frequency characterization. At these frequencies it is quite difficult to discriminate
between different types and sizes of bio particles and internal cell structures of the same
type since the properties of individual cell is masked by internal parameters population
variance. This thesis presents an investigation on a measurement technique based on
RF/Microwave characterization of different cancer circulating tumor cells in-vitro. With
microwave frequencies, the interferences and variability are avoided and sample

preparation is simple and without the need of any tag or marker.

With RF power level of 20 dBm in the frequency range from 1 to 3 GHz injected

into the test apparatus containing uveal melanoma cells, a proliferation reduction of 2 to

9 % 1s observed on uveal melanoma cell line 92.1 following a relatively specific

signature.

When low frequency AC signals are injected on the trapezoidal and Y shaped
electrodes (for the generation of non-uniform electric field) of the designed microfluidic
device, DEP forces are observed on cells. The cross frequency defining the passage from

nDEP to pDEP for different cancer cells is in the range of 12 to 90 KHz with media
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conductivities from 5 to 20 mS/m. For WBCs only pDEP is observed preventing cells

from being centered with these electrodes.

This device fabricated by simple technique of silicone serigraphy has a channel
cross section of 300 um by 50 pm. RF/Microwave electrodes are also built in it to
characterize single cancer cell by comparing the insertion loss with and without specific

cell.

Characterization of dielectric properties of different cancer cells and WBC from
2 to 4.35 GHz showed dielectric constants between 42 and 68 and dielectric losses
between 12 and 22. High frequency WR284 resonant cavity is designed and fabricated to
measure with precision the complex permittivity of different cancer cells. In the
frequency band of this cavity, complex permittivity of five different discrete frequencies
is measured from 2 to 4.3 GHz. The measurement system being automated, a continuous
measurement of the complex permittivity with time gave important information about the

dielectric change of cells with time.

Using the information on dielectric property and a single cell under overlapped
parallel facing electrodes, single cell models (capacitance in parallel with resistance) are
generated. An interesting conclusion is drawn with the models extracted regarding the
sensitivity of the device: for 92.1cell, with about 20 um of diameter, the sensitivity to the
insertion loss variation (equivalent to the signature) increases exponentially when the
height of the channel is reduced to 30 pum and less. The fabrication of channels having
height less than 30 um using serigraphy technique is quite challenging and clustering of
cells needs to be considered to avoid channel clogging. Therefore other techniques are to

be used for channel creation with hermetic characteristics such as SU-8 technique.
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Some practical observation could be highlighted regarding channel cleaning. In
fact, after hundred times of injecting suspended particle with different sizes and different
characteristics into the microchannel, it was impossible to remove some particles
deposited and adhered to the surface of the substrates and electrodes. Pressure cleaning,
with high pressure flow, water and alcohol from syringes into the inlet of the
microchannel, did not eliminate 100 % the traces of the remaining particles. Bleach could
have been an efficient solution but with the drawback of affecting the next measurements
if sub-pockets of bleach remained in the microchannel. More effective techniques and
processes that would yield low cost such devices would easily overcome this

inconvenience.

8.2 Summary of contributions

The contribution of this research is exposed by several scientific accomplishments

as:

e Analytical and numerical studies of the transmission lines and impedance of

single model of particles between two parallel facing electrodes

e Design and fabrication of the required devices satisfying the experimentation

needs using the available technologies

e Performing of the experimental measurements to demonstrate the validity of the
proposed RF/Microwave solution and to compare it with analytical solutions and

models.
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A device is designed, fabricated and measurements are carried out to assess the
appropriate microwave power and frequency bandwidth to be applied on the cells during

the characterization step.

Cell characterization phase requires centering of cells by electrodes of appropriate
geometry and the selection of the frequency to be applied on the focusing electrodes.
Therefore a thorough analytical study determined the exact DEP force distribution within

a channel ensuring the DEP mechanism occurrence at any point.

Different types of cancer cells were measured at low frequency and the associated

cross frequencies were found.

For single cell characterization, a system for the evaluation of the complex
permittivity at high frequencies in the S-band was designed, fabricated and the
measurements carried out. The system consists of resonant cavity automatically
controlled by an original developed program. This software tool enables the assessment

of complex permittivity of cells versus time.

The complex permittivity values of cells and media gathered by the cavity
measurements between 2 to 4.5 GHz are injected into the single cell models created for

overlapped parallel facing electrodes with and without a particle.

Several other devices were also designed and fabricated to detect and characterize
single cell in the microchannel. Measurements with these devices enabled the

characterization of the cells by signature identification with and without the particles.

Finally, this investigation asserted that the cells can be characterized with

RF/microwave technique using the signature obtained when the particle is present or not.
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The contributions highlighted in the last section satisfied the objectives as defined
at the beginning of this research. The future work identified in the next section can be

continued and extended in the following directions.

8.3 Areas of future research work

For future research work four subdomains could be considered:
e Signature identification of other type of cancer cells and correlations among them

e Microchannel fabrication with other substrates other gasket materials and other

electrode geometric dimensions
¢ Integration of the microfluidic device with the measuring devices

e Automatic system design to control the measurement trigger time when cell
passes under the RF/Microwave measurement electrodes, automatic acquisition of
all signatures, and signal processing with different algorithm for exact

identification and differentiation.

This research was concentrated on different type of cancer cell evaluation.
Nevertheless, the characterization for signature identification was performed only on
human uveal melanoma cell line 92.1 and WBCs - Jurkat, Clone E6-1. The next step
would be the repetition of these tests for sensitivity and specificity and the
experimentation on the other type of cancer cells such as prostate cancer cell line PC3,

Hela human cervical cancer cell and breast cancer cell line MDA231 and others.

A new design for microfluidic device with a polymer substrate such as cyclic

olefin copolymer can be a good alternative that will enable machining of the microfluidic
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chip and shape the substrate to the desired dimension and geometry. The microchannel
might be made from SU-8 modified material or polyimide. The sealing of the two
substrates is challenging to ensure hermetic sealing of the microchannel. Different
dimensions and shapes for the parallel facing electrodes could be used for modeling study

of the length and the width of the overlapping electrodes.

Complex permittivity measurement at X-band (from about 6.5 to 12 GHz) and
higher bands could be carried out to model the single cell between parallel facing
electrodes at higher frequencies. These measurements could suggest creating micro

devices for much higher frequencies close to the millimeter waves.

Another technology using non-transparent substrate material can be used to create
micro channels. The Low Temperature Co-fired Ceramic (LTTC) process is a serigraphy
process that is used for high frequency applications. The advantage of this process is its
capability to create several layers of ceramic where micro channels with different cross
section areas can be made and each could be used for different cell size sorting and
characterization. The same RF/Microwave electrodes for characterization can be used for
different micro channels using multiplexing techniques through MEMS RF switches. The
process of LTTC reduces the microfluidic device size and cost for high volume
production, although Bio-compatibility remains an issue. Moreover, the integration of
RF/Microwave components is easy to be carried out along with via holes connection
from one layer to another. The drawback of this process is the non-transparent ceramic
material that could not allow the visual observation of the microchannel under the
microscope. In the research stage of such a project, visualization of the cells in the

channel is essential. Therefore LTTC can be used once the cell characterization
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technique, measurement protocols and the signature results are well established. It is also

imperative to have a reliable and robust LTTC process available.

The microfluidic device is surrounded by different RF/Microwave equipment and
components. For example the network analyzer is costly equipment and a good approach
is to integrate all possible components and equipment together. The technology of
Microwave Monolithic Integrated Circuits (MMIC) enables the integration of several
components. High frequency voltage controlled oscillator, couplers, attenuators, switches
and other components can be integrated in MMIC yielding a chip of very small size. This
chip could be easily integrated to the microchannel made by LTTC or another process
such as polymer material. Once the frequencies, the power, the detection range and the
data processing algorithm established, an integrated chip could be created to perform the
above detection and the large pieces of equipment would not be any more necessary at
that stage. Moreover, the integration of the chip will improve the return loss and insertion
loss responses, increase the robustness of the device and the reliability of the tests by

removing noise sources from the system.

The acquisition of measurement results carried out manually during this research.
The output signal obtained from the output RF/Microwave detector can be processed,
amplified, digitized and sent to the triggering input of the network analyzer. Therefore
when a cell is detected, the triggering mechanism control initiates the measurement of the
network analyzer. The results for each measurement can be massaged and processed for
signature identification and differentiation through an algorithm that can identify and

differentiate the cell type from another.
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