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Abstract

The impedance response ofj@adrupolamicroelectrode array was studied over a wide
frequency range to determinghether particles captuteat the center of the array coulbe
detected impedimetricallyrhe mcroelectrode array (denoted REP chip) uses dielectrophoretic
forces to concentratgarticles at its centemitial results showed that there was a large electrode
silicon-electrode (ESE)xapacitance thatlominatedat high frequencies This capacitance was
reduced by decred the electrode area and increasing ithsulating layer thicknessThese
measures however proved fruitless as this capacitance was still significantly greater then the
dielectric capacitance dhe chip.This ESE capacitanceanbe eliminated through the use of a
glass substratso that the dielectiresponse of the chip dominatshigherfrequenciesSince
the ESE capacitance prevented experimental validation of impedance spectroscopygrad a si
transduction method, computer simigas were performedThese simulations indicated that
capture withthe current DEP chgwould not have a significant impact on the impedance of the
chip. Decreasing the electrode gap distance and reducing theofatba electrodes, which is
recommended for future work, can remedy.this

As measureablehanges in the diel&ic capacitance of the chipre not possible a
reaction scheme was developed to translate the captunaloparticles into a change medium
conductivity. An ELISA type system was proposed where the viral particles would be
functionalized with urease. This ueaseultbthen be used to degradenionic urea into ionic
products thereby imeasing the medium conductivity. A model was foratetl to predict the
conductivity increase expected for low concentrations, and validated using higher concentrations
of biotinylatedurea®. Urease from commercial sources prowedto bea viable optiorasit does
not possess a high enough activityproduce a significant conductivity changesen the low
concentrations of viral particles expected aftmilecion. Ureasewith suitable activity is

produced by the organistireaplasma urealyticunwhich hasan activityof 180 000!'mol urea



catalyzed miit mg ureas®@. It is not recommended that this method be pursued further due to

technical challenges that would be encountered.



Acknowledgements

Special thanks are owed to my supervisorDr. Aristides Docoslisfor his guidance,
generousencouragement, and seemingly infinite patience with someone wha toagh time
letting things go, asot onlydid they make thigroject possibldut alsoca pleasure to work on.

A special thanks to Jeff Woodho not only endured but encouragéu tbarrage of
theoretical questions that inevitably corftem someone who knows very little, but wishes to
know more then he probably shoulilso, thanks are due for higopenness in lending boskrom
his personal library as they proved to be invaluablerences.

Thanks to Matthew Tomkins fdris guidance during the early stages of this project
his instruction on photolithography, and for his tolerance of my propensity to ask numerous
questions.

Thanks to Dr. Rob Knobel for the use of his cleamrcand for the time spent helping
troubleshoot the technical issues that befell me there.

Thanks to Dr. Kunal Karan and Dr. Ela Halliop for allowing me to use their equipment.

Thanks to my dedriends Jonas Elliott Gerson and Allison Turner wivould lerd an ear
to all the bumps along the road and talk me down when necessanyld not have asked for
better friends.

Thanks to all thenewfriends | have made during the course of this masserd for your
encouragement to step out of my comfort zone. While it may not seem so, your persistence is
much appreciated and has proven to be an invaluable reprieve from work numerous times.

A special hanks to my family. To those | am no longer able to see, yaioueagement
throughout my life is a kindness | am sure | would have nkgeble to repay. To those | wglb
home to see, your love and support have given me the conviction to see my ideas through to the
end. To alll am trulygrateful

Finally, thankso NSERC and QueenOs University for the funding of this project.



"#$%&$N'

A 0111 =T PP PPPRPRPRN i!
ACKNOWIEAGEIMENTS ...ttt ettt ettt e e e et et e e e e e e mnee s e bt aneeeeeeeaann i !
LISt OFf FIQUIES. .. eeiieiiie ettt e ettt e e e smme e e e e s bbb e e e e e e e nnbes vi!
LISt Of TADIES ... e e e ean ix!
NOMENCIALUIE ...ttt ettt e e e e e et eeea bbbttt e e e e e s annnbb e e e e e eeans X!
Chapter 1 INtrOQUCTION. ... ..uuiiiiie ettt et rrmr e e e e e e e e e et neeeeeeeeaa 1!
00 1Y o] 1)Y= 11 [ 1O PP E PR 1
1.2 Scope of CUurrent RESEALCI.........oooi i e 3!
Chapter 2 Review of Current Literature on Impedance Detection of Microorganisms........ 5!
2.1 Background Of IMPEAANCE. .......uuuuiiiiiiiiiiiieeee et 5!
2.1.1 Impedance Of 8 RESISOL.........coiiiiii i 5!
2.1.2 Impedance Of CapaCilQl...........oooiiiiiiii e 6!
2.1.3 Impedance of a Constant Phase Element................oo e, 7!
2.1.4 IMPEAANCE SPECIIOSCAMY. - vvrereerrerrrtetetttiaaaaaaeiaaeanbbaabbbbbbb e eeeeeeeeaeaaaaaaaaaaaaaaaesan 8!

2. 1.5 EQUIVAIENT CIFCUILS.....uiiiiiieiiiiiiiei ettt e e e el 8!

2.2 Conductiometric Based Pathogen Detection..............ooooiiiieeeiiiiiiiiiiiiiieeeeeceecceeeeas 10!
2.3 Faradaic IMpedance SPECIIOSCOPY. . .. .uuuuuuuuuuuuriitieneeeeeeeaeaaaaaaaaaaaaee e s s iaaeeeeeeeeeeeeeeees 12!
2.4 NonFaradaic ImpedanCBPECIrOSCOPY. .. c.uuttttiiiiiitieeieee e eeeeiietibeebeeebbeeeeeeeeeeeeeees e 13!
2.5 Dielectric Properties of Biological Tissues and SUSPENSIONS.........ccevvvvvvvieeereeeeeennns 15!
2.6 Analyte Detection for Nefunctionalized Electrodes..............ceiiiiiiiceeiiiiei e 23!
Chapter 3 Characterization of Current System by Impedance Spectrascopy................... 27
3.1 Current DEP Chip deSIQN......ccooiiiiiiiiiiiie et 27!
3.2 Materials and MethOUS.........cooiiiiiiiiii e 28
3.2.1 Standard Chip FabriCation............cooiiiiiiiiieeeieiicee e 28
3.2.2 Reduced Area Chip FabriCatiOn............ccuiiiiiiiiieeeiiiiiiiiiieiee e ees e 29!
3.2.3 Standard Chip Impedance MeasUremMentS.............couuuiiiieeeiimmrimmenmieiienieeennenieeess 30!
3.2.4 Reduced Area Impedance MeaSUIreMENLS. ......cuiiveeiiiieiieeeeeeeeeiiiinan e e e e eeeeeeneees 33!
3.2.5 Functionalization of Silicon Surface for Particle Capture Experimenits............. 34!
3.2.6 PArtICIE CAPIUIE.....cciiiiiiiiiiit ittt e e e e et eeeereeeeeeas 34
3.2.7 Impedance Measurements for Particle Capture............oooo i 35!

3.3 Standard Chip CharacCterization...............cociiiiieeeeiiiiiiiiee e e es e 36!
3.3.1 Initial IMpedance SPECIIUM.........cooii i e e e 36!
3.3.2 Equivalent Circuit Representation of Impedance Data............cccccevvviceeeienineeennn. 37!



3.3.3 Initial Validation of th&eneral Equivalent Circuit Model Parameters................ 42!

3.3.4 Determination of Unknown CapacitanCe..............cooooiiiieeciiiiiiiiieeieeeeeeeeeeeeeeees 45!

3.4 Reduced Area Chip Characterization...............uueeveeiieeeriiiieie e ees e esmenr e e e e e e 52!
3.4.1 Evaluation of Upper DieleCtric RESPONSE........ccovviiiiiiiiiiiee e eeeees 52!

3.5 Dielectric Capacitance Measurements of Trapped Model Particles...........ccuvvveeenn. 57!
Chapter 4 COMSOISimulations of Dielectric Capacitance Changes............ccccvvvvvieeenee. 60!
4.1 Generalized Theory of CapaCitanCe............uuuuuiiuiiieeeeaaeeeeee e 60!
4.2 MEENOUS. ...ttt e e e et e e e e e e e e e e e ane e 64!
4.2.1 SIMUIALION GEOMIEBIIY ... .ueiiiiieeiiiiiiii ettt ettt e e e rmnee s e e e e e e s aabbeeenenes 64!
4.2.2The Electrostatic Problem and Determination of Charge on Electrades........... 65!
4.2.3 BoUNdary CONAItIONS.......euiiiiiiiiiiiiii ettt rmeee s e e eneaes 66!
4.2.4 MESNING. ...ttt et e e e e e e e e e e e 66!

4.3 ReSUILS aNd DISCUSSION.......uuiiiiiiiiiiiiiiieeeiiieieee e e e st e e e e e sesme e e e e s ibbreeeee e e e s ssbeeesnned 66!
4.3.1 Implications for Viral Capture..........ccceeiiiiirieiiceiiiiieeeeiiieeesniiieeesmeessseeeessnnvees e 0!

4.4 Conclusions for Label Free Impedance Detection...........cccuveeevcenivieeeeniiveeeesnvnnee L4
Chapter 5 Considerations of Additional Reaction Schemes for Impedance Detection.....75!
5.1 Introduction to the Conductiometric Reaction Scheme and the Utdgese System....... 75!
5.2 Materials and MethOUS.........oooiiiiiiiii et 78!
5.2.1 BiotinylatedUrease Conductivity EXperiments..........ccocooioiiiiicciiiieeeeeeeeeeeeee, 79!
5.2.2 Modeling the Kinetics of a Ureabi@ea SyStem............ccooiiiiiiiiiiiicciiiiieceeeeeee 79!
5.2.3 Estimating UnKNOWN ParameterS..........uuueeiiiiiiiiieeeiiiiaisiieeee e 85!

5.3 Comparison of ¥perimental and Simulation ResultS.........cccccoeeviiiiiiveeniceceiiicin e, 85!
5.4 Model Predictions for Capture Conditions...........ccooeiiiiiiiieeciiiiiiiiiiiieeeeeeeeeeeeeee e Q0!
5.5 DISCUSSION....tteeetee ettt et e ettt e e e e e mn e e sttt e e e e e e e bbb b s enets s e e e e e e e e s nnbbneeeeas 91!
5.5.1 Discussion of Model LIimitationS............uuueuuriiiiiimeeneieeie e 91!

5.6 CONCIUSIONS. ...ttt e ettt ettt e e e e sttt e e e e s e mnee s s bbb aeeeeeeesane q7!
Chapter 6 CONCIUSION.........iiiiiiiiii e et e e seee e e e e e nneees 98!
6.1 RECOMMENUALIONS ...t et e e e st e e e e s rmnne e e e aneee e 99!
RETBIENCES. ...cei i ettt eret e e e e e st e e e e e e e neeas 101!



List of Figures

Figure 1: Docoslis et al. (2007) Fluorescence showing capture of VSV at the center of a

quadrupolar microelectrode array (a) Control (i.e. no electric field appli€éd®RO/mL (b) 16

PFU/ML (C) 18 PFU/ML (A) 20 PFU/ML ...t eeee s 3l
Figure 2: Circuit representation Of & reSISION.............uuiiiiiiiiiiee e 5!
Figure 3: Circuit representation Of @ CAPACIIO ...........uiiiiiiiiiiiiaaei e 6!
Figure 4: Circuit representation of a constant phase element.............ccccvvieeeeiiiin e, 7!
Figure 5: Example of an equivalent circuit used to interpret Faradaic impedance.data................. al

Figure 6: An example of two different equivalent circuits with the same impedance spectra......10!
Figure 7: Example of an equivalent circuit used to interpret Faradaic impedance.data............... 12!
Figure 8: Examples of equivalent circuits used to represent similaFai@ahic Impedance

YA =] 11 PP PPPPPPPRRPR 14!
Figure 9: Impedance spectra of a i parallel plate capacitor filled with pure water........................ 7
Figure 10: Dielectric dispersion of water occurring at 20 GHz due to the loss of orientational

[S10] F=T 2= 1 o] o TR PP P PPR PP 18
Figure 11: Polarization of a homogeneous particle in vacuum for a constant electric. field.......... 19!
Figure 12: Homogeneous representation of a shelled particle thitoeigiseé of an effective

COMPIEX PEIMITIIVITY ...ttt ettt e e e e e e be e et e e e e e e e e nnnbeeeeean 20!
Figure 13: Relative permittivity behavior for a heterogeneous suspension of shelled particles in
low conductivity (6 mS/m) and high conductivity (1.6 S/M) Water............cceevvvviiivicmmriiiieiineeeeee 21!
Figure 14: Heterogeneous suspension conductivity for low conductivity (16 mS/m) suspending
L= o L1 USSR 22!
Figure 15: Heterogeneous suspension conductivity for high conductivity (1.6 S/m) suspending
L= o L1 SRR 22!
Figure 16: Pictorial representationfcoli capture using interdigitated (a) and castle wall (b)
electrode designs used by SUENITO @L.al.......c.uuuieiiiiii e e 23!

Figure 17: Pictorial depiction of microflow cytometer setup for blood analysis such as presented

IN GAWAA €1 Al 2004 . eiiieiiiit ettt e et e e sttt e e e e e bbbt ea et et e e e e e e e a et b et e e e e e e e anne 25!
Figure 18: Schematic depiction of DEP chips designs with capture areas shaded grey.............. 27!
Figure 19:Tapped wafer after gold deposition and SONICALION.........ccooiiiiiene e 29!
Figure 20: Wafer after tape removal showing reduced area DEP.Chips...........cccooiiiiciinn. 30!
Figure 21: Schematic of Solartron 1260 conNection t0 CRIP...........cociiiiiiiiiiniiicc e 31!
Figure 22: Initial impedance spectrum forghio/10 under varying medium conditions................... 36!
Figure 23: Initial impedance spectrum for chip 10/24 under varying medium conditians............. 36!

Vi



Figure 24: Initially proposed general circuit model for DEP Chips...........coooiiiiiiiiccc 37!

Figure 25: Visually (a) best and (b) worst fit results for Chip 10/10Q..........coooiiiiiiiiiccciee 38!
Figure 26: Chip 10/10 impedance spectrum for extended freqUENCY SWEEP...........uuvvvvrieeeeeeeeenn. 39!
Figure 27: Equivalenticuit representation of DEP Chips iN @if.........c.cevviiiiiiiieenniiiie e 41!
Figure 28: Equivalent circuit representation of DEP chips with unknown capacitance................ 44!
Figure 29: Chip 10/24 impedance response for vertical and horizontal electrode .pairs..............45!

Figure 30:Depiction of likely charge distribution in DEP chips responsible for high frequency

(o= o =1 = L o = TSP SRRRPRPOPPPPY £ o |
Figure 31: Parallel plate representation of DEP ChIPS..........oooiiiiiiii e 4 48!
Figure 32: New Equivalent circuit representation of DEP Chips...........ccccooiiiiieciiiiiiiiiiiiiiiiiiee 51!

Figure 33: High frequency equivalent circuit representation of DEP chips accounting for the stray
ANd ESE CAPACITANCES PrESEINL.....uuuiiiiitiiitiitiiieeee e e e e e et et e et e e et e e e e e e e e e e e seeesbeetreeseeeeees 51!
Figure 34: Chip 11/20 reduceearelectrode impedance response showing sensitivity to the

dielectric medium on top Of the ChI.........eiiii e 54!

Figure 35: Anomalies in impedance response observed it ®z region for reduced area

electrodes Of ChIP LL/20... ... oot e ettt e e e e s ammee e e e et e e e e e e e e anes 54!
Figure 36: Fluorescence at the center indicating capture of 210 nm fluorescent particles such as

was seendr ChIiPS 11/2 QN LL/A......cooi et e e e 58
Figure 37: Electrode NUMDEIING.........ooii it eeee e e e e e e e e e 60!

Figure 38: Domain of DEP chip used for COMSOL simulations (axes scale are presented.in.!ng4!
Figure 39: Solutions to the Laplace equation depicting the potential distribution for the (a) whole
domain, (b) yzplane through center of excitation and sense electrodes,-fiang at the base of

all electrodes (axes scale are presented in !m, COlOrDE).in..........ccooviiiiiiiiii e 68!
Figure 40: DEP array for increased capacitance change response............ccocveeeeeenncvveeessivnenennnn 0!
Figure 41: Simulation of mixture relative permittivity response for 200 nm shelled patticles........ 71
Figure 42: Simulation of mixture conductivity response froam200 nm shelled particles................ 71
Figure 43: Electric field in the yplane near the center of the chip (Arrow lengths are

proportional to the electric field stremgtaxis in microns, gold rectangles represent electrodes
(electrodes are NOt AraWn t0 SCAIR)).......oiiurrriiiiie ettt e e e e e s eeee e e e as 72!
Figure 44: Proposed conductiometric reaction scheme (MP repteeenbdel particles).................. 76!

Figure 45: Conductivity increase seen in experimental data and simulation results fdMLx10

urease in 0.1 M urea, 1 mM T1#$,SO, buffer solution, K= 8mMS/M........coooveiiiiiiiiieieeee e, 86!
Figure 46: Conductivity increase seen in experimental data and simulation results foMLx10
urease in 0.1 M urea, 1 mM T4#$,SO, buffer solution, KC = 5MS/M.......ccoooiiiiiiiiiiiiiiiecciii e, 87!

Vil



Figure 47: Conductivity increase seen in experimental data and simulation results for 9/8x10
urease in 0.1 M urea, 1 mM T4#$,SO, buffer SOIULION..........c..uvviiiii e 87!
Figure 48: Conductivity increase seen in experimental data and simulation results for'®Mx10
urease in 0.1 M urea, 10 mM TS O, buffer SOIULION..........oooiiiiiiiii e 89!
Figure 49: Conductivity increase seen in experimental data and simulation results for 9/6x10
urease in 0.1 M urea, 10 mM TS O, buffer SOIUtION........oooiiiiiiiii e 89!
Figure 50: Estimated conductivity change based on expected capture and varying urease

= o3 111 Q0!
Figure 51: Deviation of ammonia concentration dissociation constant from equilibrium

Lo 1T o YoA r= 1 0] g I eT0 ] o1 x= 1 o | SO 95!

viii



List of Tables

Table 1: Equivalent circuit parameter estimates for chip 10/10 initial.data............ccccoovveeeeeennnennn. 38!
Table 2: Chip 10/10 parameter estimates for varying frequency ranges and circuit elements.....40!
Table 3: High frequency equivalent circuit parameters for chips produced on silicon with a 500

NM OXIdE aYEr tNICKNESS ....cii i e e e 47!

Table 4:High frequency equivalent circuit parameters for chips produced on silicon with a 1000

NM OXIde aYEr tNICKNESS ....coi it a e as 47!
Table 5: Compason of DMSO and water high frequency capacitance estimates.................cceeuu. 56!
Table 6: Comparison of high frequency capacitance estimate before and after.capture............. 59!

Table 7: Capacitance for a center dielectric relative permittivity of 80 (before capture) and 2.4
(G 1T o= VoL (U ] £ TSP PP PUPP T PUUUPPRRRPPPPRPP 69!



Nomenclature

DL 1HS00l " # % & 061" | 1"#SY&HVHSYN" #$H Y&

At 1 1"HS%&!" I 1I"#S N1"#$ 111

L1 I'HS%& M #$% 88 % W& # I"H#S%&' (&) "#$%&

LoD I"HS%&M #$%& &Y' WK HSY& II"H#E ™ Yo I 1"#"$SUBHEM #"$% & (
LoD 1"HS%&&90' W I H# 1"#S%a(t 1 1 1 P )

LD 1"H$%&" 1" #S%&&Y0' WA H 1" #S N"HS%& " Il 1"HSSHI HS%6&(
IO I'H$%& 1"#$%&&% Waithe!!"#$%&' (&) I"#$%&

ging | 1"HS%&' 1" rmittivity!" 1"# I"#$%&' ()" I 1"#$%& (&) N"#$%&
Ly 1 1"H$0&" N"#$%& &% W& # IShelled!!"#$%&("#$%&™ !

HO1 I'HE%&! N"#$%& 8% W&I(!I"H# $%& %™ ( 1"#$%&'(

g | 1" H#S%&WHS%E&' N"#$%&&Y0' WA " HESHW #S%&' (

L1 "#$%$HRoefficent!!" II"#$%0#E,

LoD ST 1"HS%SHBR 1"#S%S&!" 1"# 1"#$%$& ' $H"#$%& &' ()&
Ly — 1"#$%&' () (% 1" I"#$%& M1 ')

D1OIHS%&!() 1" N 1" HS%&N"H#S$%&I"H#S$%,&I( I ')

LoD I"#$%s I g (0 fnt )

L1 I"HS%& N #S%#& (1(1"# ' )

L1 Ovel"#$$%&N"#S$ II" 1"#"$SOBBHSUH #"$%& (! ')

Dyl HS008 S I H SY0&YeH" I HEYEHVHSYA " HSHI&(! )

RSO HS%8! IMHS

1 IHSYSHYHSIOI HHY6&

I — "% $%&"$(1(1)

o 1 IS0 S HSHIIHS I1H I HE06&'S(&)" Il " HSHY& " 0)

e 1 IHS0%& M S(I HSHOLRHS I'H I"HSIB HSY&I"#$U (1)

Lo | HSO&(# I"H SO $%&"S(1( )

Upor | I"HS& () I $%& (I HII"H 1"HS V" #HSY&S N " HSY &, (#
ISR $%&S() 1(1)

L | 1"4$%&Induced!!” M#$96&"( M 1"#$%&N"#$%&™ ( 11" 1"#$%&N I(F)

Diggoone | I"H"S%&™S(I"HS II"# I"HS%&'S(&) #$% I"# II"#"SURHS%&'(!)

Diugoe | "HSYOHE! (&) HI" I"HSIHASW ™ H" 1" 1"H$%& (I"#$%&"( )



Dpgg e | 1"HS%0&"S( 1"#S 1"# 1"H#S% & (&))" N"# 1"HSHY% & W6 S% 1" # 11"#" SYR #S%&I(! )
Lol I"HS0#& (&) A" M (g 1 1Y)

LoD 1HHS%& ™ (1"#S%" & (HI"#S" N"#S%lI"#SII" #$%&I1" I1"#"$%"$&"

[ 2V ] IHS%HE! (&) H I N"H#S%&™(1'H (1)

L1 1"#$%&!Bisplacment!(! Im' ')

I — I'H$%S& I"#S%& (I"#S" "% N"#$%-H#!I 1"# $SUBHSUM " #"$%& (! )

L1 I"HS%&IBHSU( 1! ')

LoD 1"H$%&() 1" IIMHS%&IBHEM " #S% Q1" #S% Wb #" SSUBBHSU #S%& (#)I(1 1! ' 1)
EL s 1 TIH#S%&AYHEY% 131(1 ' 1)

Lyl IMHE"%&! (N"#$%&H#VH! I1"#$%"&"#"'S itance!l” I"#$%0&%0& Y&('H 1"#$%& I(1)
Ly 1S 0&! (N"HS%& HE%& (I"#$%&™ 1"#S%& I "##$%&' (1" ISolutionI"#$%&' () (**
1 ITHSO& I I IHIS0&™ M IMHS I

% ] N"HS%#& (&) AN 1"#$%& ($)*!1(! !

[0 3]0 I"HS%#H& (&) A" 1"#$%&' (1"#$ |(M)

L 198 H#E% &N " #$%&™( M(!)

lisgopgrt | 1"HSUB HS%& " 1"#$%& I(1"# 1)

L)1 IHS%& O HHSY & #SYR 1"HS NI"HS 1" 1"HS%&I"HS%&MN | |

L1 I"HHS% & #$%&I( 1 1D

D | IHS%HE (&) "HI"HSHH % &N #$%&H# %

Lyl 143068 M #$%S& P #S%&H#HE ')

D iggop | 1"HEVS& ' SH"#SHH % &" W #SY%8HH6! 1 1 1"# |

Lyl IH$06&™(1 1"#$"# "HS%&HYM)

P 1#$%&erpendicular!!” Ithell"#$%&N" I"#$%&™ I"#$%&!" 1"#"$$UBHSW " #$%&'
[ ] HS%HE &(H" 1M HS%& I(1 )

" ] IHS%H& (&) HI" 1"H#$%&" NI |

[1 ] — N"#$%&N"#S%H&' (&) " H(! )

Dig | IMHS%&M #$%& #$%& I" I ISpherical"#$%&!(! ! )

Lyl 1H$%&1" I1M#$%&™( (1)

(D)1 I"HS%QI"#$%&on ! I"H#$%&™( IN"#$ 1" 11"#$%&Voltage!!" I"#$ 11 I(1)

Ui wusooze( | Freel"#$%&1"#$%& (1I"#$"WalSurface! (1! 1"#$"%!"#$%&' #) (1)
D 1O 1'HS%&! (1"#$%& I " #$#%& (1(! )

R/ ! "'#$ IRadius!l" I"#$SHW #$%&!(! )

LD IHSUI"#$%E!" 1"HSSHI #$%&!(! )

Xi



L 1"#3$%&" Particle!(! )

| ngg0o — Resistance!l” I"#$%&'$()*+1I"#$%(! )

Dy U 1"HS%& M " #S#%& (" (1)

[1]! N"#$%& 8L #$%#& (&) H(! )

R N(D)

Lol I'HS%& 1" I"HS I1"#$%

o 1 O1HS00&! (1" N " SYORHS % & " #S% & ("N "#$Ud!"#1I"#$%8(! )
LIS I

[I"HS] 1 I"HSUHE! (&) "HI" I"# | I"HSHW&S (I"H#SN"H#H#SU(! )
[TrisH' |1 1"#$%H#&'(&)"HI" "#$HU&S' (I"#SN"##S%(! )

[I"#$ ]! 1"#$%H&'(&)"HI" I"#$ 1(1 )

I — 1I"#$%&!(! )

I, 1 Voltage!" 1"#$%&™( (1)

L1 1"HS%&N"#$%& (1" I"#S%& ()" 1"#$%&' (&) I"#$%&

L 1OI"HE%& 1" 1"#$%& () I"#$%& (1(1"#$% "#$ I"#$%&'%(1 ' ' II'1)
Dinax ! 1"#3%&% ! 1"#$%&" 1"#$%&'() 1"#$%& (I(I"#$%0!!"#$ 1"#$%&'%(s' ' 11" ')
I —1"#$%& (S 1! 1!

Dpg 1O 1"H$%&!($ 1" I 1" HS%&HVBHSIN " #EHWA(I"H )1 111!

I, | Warburg!!"#$%&'($ ! 11'1

AR T ]

Xii



Chapter 1

Introduction

1.1 Motivations

The overall goabf this research, to which this project is but a small piesct produce a novel
microfluidic biochipthatis able to rapidly detect very small concentrations gdexsic virus in a
serum sample. This systerhosild be as simple to use asrrent blooeglucosemeters.One can
easily think of how sch technology could help heattlre pofessionals by allowing them to
determine the relevanhfiection at the point of car&he two immediate benefits beingmall

sanple requirementand not having to wait for resultoin a centralizethb.

Another, seemingly more fundamental need to produce a portable easy to use detection platform
can be seen from our current ability to hangéndemics. Irthe past decade SARS&yian flu
(H5N1), and swine flu (HLN1) garnered significant media attention, with both SARS and swine
flu becomingpandemics.According to the global alert and response reports from the World
Health Organization (WHO) the mortality rates of SARS, H5N1, andNHare 9.6%, >1%and

59%, respectivelyWhile HIN1 has the highest mortality rate by,féathasremained an epidemic
with small outbreakausually occurring dueto animal to human transmission witmly 520
confirmed cases (WHOH1N1 may notof yet hada significant impact on the human population

but a look at the news specials ihe journalNature of these viruses indicate that H5SN1 has
attracted much more attéor in this community.While these articles argpecificallyconcerned

with an aitbreak ofH5N1, theyalsopaint a picture of the difficulty of controlling any outbreak.
Medical technology hasot yetgotten to the point where it can handle any outbeessdven if a
vaccine was developed promptly, the worldwide production capacity cmlydporaduce enough

to treat 450 million people in 2005 (timeline for production not givaigtyre 200% The limited
production capacity is only more troubling when one thinks of all the political issues involved.

Nations might be reluctant to give a vast portwf the vaccines produced to severally affected



nations, in fear of depleting their stockpilescase they bmome affectedThe priority must then

be to manage the virus before it is able to become a pandMiatiar¢ 2005 This necessity to
control thevirus at its source psita great importancen being able to rapidly detect cadas
humans and animalsefore they are able to spre&tbwever,in the cae of avian flu, researchers
from Indonesia, India, andlligeria all éte the need for improved survaihce capacity Nature
2006. This is because these regions may have only one or two labs equipped to detect H5N1,
which quickly become overloaded causing costly del®egti(re 2005 Researchers for the US
Department of Defense suggested setting up &ssefi internationally funded labs to monitor
diseases in developing countridmit also warn against a solely technological improvement to
surveillance capabilities, highlighting the importance of involving the local pe@ulke( D.
2006. This sentimenis also echoed byhe researcher in Thailand witoeditedOvillagelevel
disease spottersO who went from heoseouse to detect cases of aviandibeing a significant
innovation worth emulation elsewhe(Nature, 200% It is here where a portableasy to use
virus detection platform could be infinitely more valuabla@nththe current virus detection
techniqueslf these systemare as easy to use current blood glucose metetsams consisting

of local people could be trained to bew® the Ovillagéevel spotters@nd confirm cases of the
outbreak as they beconagvareof anill nessin their vilage. The ability to diagnoséhe problem

at the point of care and not having to wait for the samples to be processed at a centralized lab
ensures a quickjuarantine can be set up to prevent the spread of the diSdesenternal
sophisticatiorof the device could also be increased furtbethat it logs where a specific sample
was taka. This information can then be uploaded in a central location to oromittbreaks and
provide valuabledata for researches that need it in ordercteate/validate epidemiological
models Ferguson et al. 2006 Thesemodels can thenbe used to help provide the most

appropriate use of availabdmti-virals and vaccines in thevent a serious pandemic does occur.



1.2 Scope of Current Research

The motivation for this work is to provide a signal transduction method for aupaar set of
microelectrodegDEP chip thatserve to concentratend captureviral particles at the center of
the array This array and signal transduction methaduld become the basic elementstlie
development of the portable, easy tse virussensor imagined above. The quaablar
microelectrode array is used to concentratal particles above the center of the arnathich is
functionalized so as to bind any virions that may hit the substrate subfaceslis et al. (2007)
showed the capture of vesicular stomatitis vifMSV) at the center of such an ayr as can be

seen below irFigurel.

Figure 1: Docoslis et al. (2007) Fluorescence showing capture of VSV at the center of a
quadrupolar micro electrode array (a) Control (i.e. no electric field applied) 10PFU/mL (b)
10" PFU/mL (c) 16 PFU/mL (d) 10° PFU/mL.

This work pertainsspecifically to the use of Impedance Spectroscop@) as the signal
transduction method for trapped viral particlEee next chapter will review the current literature

on the detection of pabgens using impedance changes. From this review, pertinent theoretical
considerations for impedance detection of viruses using the DEP chip will be developed. The
third chapter willthen experimentallycharacterizethe impedance response of the current and
modified chip designsculminating with attempts to detect polystyrene particles trapped at the

center of the electrode arraZOMSOL simulations will then be presented in chapteto



examinehow viral particles trapped at the center of these DEP chips may affect the impedance of
the system. Finally in chapter 5, an additional reactreme that alters the medium conductivity

is explored to increase changes in impedance seearttadteapture.



Chapter 2

Review of Current Literature on Impedance Detection of

Microorganisms

2.1Background of Impedance

Before reviewing the literature of impedance detectibpathogens it would be prudent to give a
cursory background on impedantmpedance is defined as the ratio between the voltage applied
to a system and the resulting curr¢Nilsson J. W. & Riedel S. A. 2008The most general
scenario is when the apptl voltage is a function of time, t. Let the applied voltage be V(t), and

the resulting current be I(ttherefore as per the proceeding definition,

In alternatingcurrent (AC) systems the applied voltage is sinusoidal in nature sai;h th
P gl

Where " is the angular frequency of the applied voltage. The resulting current signal will depend
on the physical attributes of the system. These attributes are generally modeled by various circuit
elements and theombinations ofliese elements produe@ equivalent circuit representation for

the system. The circuélements that will be of importance in defining a model of the DEP chip

will be a resistor, a capacitor, and a constant phase element.

2.1.1Impedance of a Resistor

A resistoris the simplest circuit element with the current and voltage responses being directly
proportional to one another, the proportionality constant h&ntpe resistancéNilsson J. W. &

Riedel S. A. 2008)The circuit diagram for a resistor can be sedriguire?2.

_VW_

Figure 2: Circuit representation of a resistor.



The current response for a resistor is easily obtained from the definitiesistance as follows.

TORRE A TEN]

It is clear to see based on the defining relations that the impedance for a resistor is just the

resistance itself.

2.1.2Impedance of Capacitor

The most common and easiest representationaapacitor is that of two long (with respect to
their separation distance) parallel conductors, one with charge +Q and the other with-Qharge

The circuit depiction of a capacitor mirrors this and can be sefigime3.

——

Figure 3: Circuit representation of a cgpacitor.
The defining relationship for a capacitor in this case gives the proportionality of charge
accumulated on the plates tetholtage difference between the plates and is denoted by C, the
capacitancéNilsson J. W. & Riedel S. A. 2008From this it is again a simple mater to determine

the current response of such a system.

NOREENO]

!"'"!!! L Py !"I#(!" )!!

Pt e g

The impedance of a capacitor is therefore,
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Usingphasor representation of the current and voltage the impedance is seen below (Nilsson J.

W. & Riedel S. A2008)
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Where j =v! I'. This equation highlights two important characteristics of a capacitor. The first is
the dependence on the angular frequency, as the frequency of the applied voltage is increased then
the impedance of the system wilkcdease. The second thing to note is that in the case of a

capacitor, the impedance has information regarding the sinusoidal response of the system. The

term!"' 'z will alter the sinusoidal current response by setting it 88ead of the voltage signal
Thus the impedance holds information on the magnitude and a phase angle or the resulting

current.

2.1.3Impedance of a Constant Phase Element

Unlike the resistor and capacitor, the constant phase element seguii@4 is not grounded
with a fundamental background but is instead an empirical relation that is often used to describe

Impedancealata (Barsoukov E. 84acdonald J. R. 2005).

>

Figure 4: Circuit representation of a constant phaselement
This element is of interest because it is often used to describe the double layer response of a

system and is defined by the following relation.
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A, and # are both parameters that are fitted to the relevant impedance data, with # ranging from O

to 1. This element keeps the current wave ahead of the voltage wa\!(# badians and is a

straight line when plotted in the complex plgBarsoukov E& Macdonald J. R. 2005).

2.1.4Impedance Spectroscopy

The defining relationships above show that these elements are sensitive to the frequency of the
applied voltage signal. Impedance spectroscopy takes advantage of this dependence by measuring
the impedance at vang frequencies and then using this impedance spectrum to regress out

relevant physical parameters. This can be done by using programs such as Zview or LEVMW.

2.1.5 Equivalent Circuits

An equivalent circuit to a particular system consists of a combinatiomaniitoelements that will
achieve the same impedance spectrum. The combination of the circuit elements is determined by
a physical understanding of the system under consideration. An example of an equivalent circuit
thatis commonly found in the literaturey a derivative thereof, for the detection of bacteria is
shown inFigure5. The two elements §£and R, represent the double layer capacitance and the
solution resistance respectively. These two elements are common in many different equivalent
circuit diagrams found in the literature. The other two elements represent phenomena that is
important when there is a redox probe (often ferrocyanide/ferricyanide, [F&tENpresent in

the medium that the electrodes are immersed in. The first tegmeResents the electron transfer
resistance and the second term, ¥ known as the Warburg impedance and represents an
impedance that arises from the diffusion of tedox probe to the electrodéBarsoukov E. &

Macdonald J. R. 2005).
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Figure 5: Example of an equivalent circuit used to interpret Faradaic impedance data
In these systems one electrode (known as the working electrode) is usually functionalized with an
antibody which has a specificity for a particular antigen expressed on the membrane of the target
bacteria or virus. When the target analyte binds to théadiis on the surface of the electrodes
the parameter that is generally expected to change is the electron transfer resistance as will be
seen in sectior2.3. This change occurs because the analyte acts as another layer of dielectric
insulation making it harder for the redox probe to interact and exchange electrons with the metal
surface.
This point illustrates the interplay between a physical understanding of ydtems and
representation by electrical circuit elements. The importance of this interplay will be highlighted
when equivalent circuits are fitted to impedantza. While this equivalent circuit analysis is

common in the literature, there is a major lirtida of this method that needs to be reviewed.

2.1.5.1Limitations of Equivalent Circuit Analysis

While the use of equivalent circuits to model impedance data does provide a convenient method
for analysis it must be taken into consideration that no circuit ragseaaunique solution. That is

to say that there are an infinite number of equivalent circuit models that can be used to represent a
certain set of impedance daBafsoukov E. &acdonald J. R. 2005A consequence of this that

will be important in the fture discussion othe DEP chip cate illustrated using a modified
representation of the equivalent circuit fiigure 5. The equivalent circuits ifrigure 6 will

produce the same impedance spectrum as long.qass Glefined as a sum of the parallel

capacitances.
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Figure 6: An example of two different equivalent circuits with the same impedance spectra

The consequence of this is that it is impossible to establish the capacitance values of the

equivalent circuit depicted ifigure 6 with only impedance data. Since, @,, and G can be

varied arbitrarily as long as they maintain the same sum, any regression of the impedance data to
fit this model will include large errors in the estimation of these elements. Therefogeié6(a)

does represent actual physical properties of interest, one would have to structure the experiments
in such a way that one term dominates in the sum (42>C,C, such that ¢} Cy) to determine

it value from regession.

2.2 Conductiometric Based Pathogen Detection

Theidea of detecting microbial pathogens by using changespedanceas not a new oneas the

concept of impedance microbiology has been aroundvera century. Impedance microbiology

looks at the chage in the resistancef a solution This changds brought about by bacterial
metabolism and growthwhich alter the conductivitypf the growth mediumFirst reported by

Stewart (1899) through the use of freezing point depression and electrical resistance
measurements, this methdd@l not gain significant popularity untihe worksof Ur & Brown
(1974).Using 2mm glass capillary tubes thetere plated with gold on either end to acttlaes
electrodes and filled with the appropriate mediutmey showed amarked decreasen the
impedance of these cells versus reference cells. While the decrease depended on the organism
present, a significanthangewas seen in less than 30 minutes fesdherichia coli and

Streptococcus faalis at inoculum concentrations of 16rganisms/mL. They also showed that
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decreasing the inoculum size would cause a delay in the impedance decrease of the system, and
that when certain antibiotics were added to aucaltof Escherichiacoli the impedance of the

system did not significant increase over a 3 hour period.

Thromet al. (1977)used an automated impedance monitoring system known as the Bactometer
32 to monitor 200 clinical urine samples for bacterial contatron and compared detection
based on conductivity changes to traditional plate counts. They found that of the 200 samples
tested, 80 tested positive when measured by impedance changes, with 2% of these positive results
not corroborated by the traditionalethod and 4% of the bacteria detected by the conventional
method not detected by the impedance system. The impedance results were obtained3within 2
hours for inoculum concentrations of*100° organisms/mLwhich was a marked improvement

over the 184 hours required to get the results back from traditional culture methods. In the
research that followeinpedance measurements were also used to show the applicability of this
method in detecting bacteria counts in f{san Spreekens K. J. & Stekelenbuy F. K. 1986),

meat (Hardy D. et al 1977, BYtle M. Reuter G. 1984, Donaghy J. & Madden R. H. 1992),

and water samples (Silverman M.&Munoz E. F. 1979, Bernard C. et 4887) While it would

be hard to make a direct comparison of these wdheresults obtained from these sources
always show a linear relationship between the detection time and initial inoculum concentration,
with many systems detecting an initial inoculum concentration of 100 CFU/mL in less than 11
hours.Current research trends this area are taking advantage of miniaturizing these systems
using photolithographytechniques. Often interdigitated microelectrode arrays are employed to
perform the impedance measurements and it can be seen that they produce dehotsgs3

soonerthen that of coventional measurements (Ramirez Nale 2009).

The main distinction between these classical examples and the current system is the target
pathogen. Bacteria will alter the physical nature of thefroundingss their metabolic processes

will produce waste products. Viruses on the other lardnot capable of such a fe@here are

11



however other ways to deteqtathogens thatlo not require the analyte to alter the medium.
Thesetechniques alteinterfacial phenomena byinding the desired analyte at the surface of a

functionalized electrodesing antibodyantigen reactions

2.3 Faradaic Impedance Spectroscopy

Oneof the most prevalertechniquesused in the lgratureis Faradic impedancespectroscopy
thatemgdoys a redox probe to detect bound analylésese systems are often characterized by a

Randles type equivalenircuit asseen inFigure?.

Ret Zw
R.. —— AN A/

||
Cdl
Figure 7: Example of an equivalent circuit used to interpret Faradaic impedance data
The two elements fcand Ry represent the double layer capacitance and dhgien resistance
respectively The other two elemenis Figure 7 represent phenomena that is important when
there is a redox probgresent(often ferrocyanide/ferricyanide, [Fe(Ci®'*). The first term, R,
represents the electron misfer resistance and the second termy, i€ known as the Warburg
impedance and representspedancethat arises from the diffusion of the redox probe to the
electrodes(Barsoukov E., Macdonald J. R. 200%)aradaic impedance spectroscagBeks to
inhibit the ability of the redox probe tget close enough to the electrodesatiow the redox
reaction to take placeThis is becausesdahe analytebinds to andcoversthe electrodesurfaceit
Oinsulated theelectrode thereby increasingetBlectron transfeesistance.
Bardea et al. (200Q)sal Faradaic impedance spectroscopy to detect antibodies directed against
Dinitrophenyl (DNRADb). These authors alsemployed an addition reaction scheme to further
increase this insulating layéand therefore impedance changégr the initial analyte bindingh

gold electrode was functionalized witldaitrophenyl antigen monolayewhich will bind DNP
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Ab. After capture of the DNFAb another antibody directed against the Fc region of the-BNP
and functionalized with horsadish peroxidase (HRP) was introducddhe net effect of this
process is a surface functionalized with HRPe HRPwas then used to produce hydrogen
peroxide which oxidizes 4chloronapthaol creatingnansoluble producthat precipitates onto the
electrodeThis further increases the Oinsulting layerO on the electrode and amplifies the difference
between the before and after capture readibging a 2ng/mL concentration of DNHAb the
electron transfer resistance was s&eincrease from 688 to 990 $. After treatment with the
antiFc-DNP-Ab-HRP the electron transfer resistance increased to $2Fmally after 12 min of
precipitation the electron transfer had increased to $3®@@ich is approximately 6 times higher
than if only theDNP-Ab was capturedThey reported a lower detection limit of 0.5ng/mL using
this method.

This precipitation amplification method was also used by Ruan et al. (2002) to Hetedt A
similar sandwich technique was preformed using alkalphosphatase labeled ahtcoli
antibodies.The alkaline phosphatase would catalyze the precipitation-lwbfo4-chloro-3-
indolyl phosphate onto the surface of the electrddes reaction scheme was able to detect

coli down to a concentration of & cells/mL. Later work by the same group looked into directly
detecting E. coli using interdigitated electrodes without precipitation products (Yang L. et al
2004) This system showed less sensitivity though as the limit of detection was 4°36x10
CFU/mL, with the proceeding 10 fold dilution showing no difference from the aatibody

functionalized surface.

2.4 Non-Faradaic Impedance Spectroscopy

One can also take advantagetwd effect bound analytes have onithterfacial phenomenia the
absence foa redox probeo provide an impedance based signal transduction mefftad is
generally referred to as noeRaradaic impedarmc spectroscopyln nonFaradaic impedance

spectroscopythe increasinghickness of the insulating layeffects theionic layer above the
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electrods. Examples of nofiFaradaic impedance spectroscopy can be seen in the work by
Lasseteret al (2004), and Maalouf et al (2007) who use it to detect avidin ar€l coli,
respectively.The equivalent circuits used to interpret thsultig impedance spectrean be seen

below inFigure8.

() (b)

CPE CPEinner CPEouter
N\ N\ N\
Rs 7 7 7”7 RBulk
—W— .~ = . H . W
p inner outer
MW MW MW
Maalouf et al. (2007) Lasseter et al. (2004)

Figure 8: Examples of equivalent circuits used to represent similanon-Faradaic Impedance
systems

The equivalent circuit presented by Maalouf ef{(2007) represents the impedance of the system
in the simples possille terms with the solution resistance in series with the double layer
componentThe constant phase elentgepresents the capacitance of the deddyer while the
parallel resistorepresents the Opolarization resistanoecantrast lasseteet al. (2003) brke up

the double layer behavidnto two zonesThe inner zone repres¢s an area before the suréaof

the functional layerand the outer ane represents everythirigereafter.However, a physical

insight into the nature of the inner and outer resistive elements was not given.

Maalouf et al. (2007) showed a changesvery circuit parametavith R, CPE, and Rincreasing

by 112%, 18%, and 23%espectively for arE. coli concentration of T0CFU/mL. Lasseteret al

(2003) showdan increase in the inner and outer resistive elements of 30%, and 34% respectively
and a decrease in the outer CPE element of 14% for a avidin concentrationma/id. While

the parallel resistive components increased in both célsesCPE elementslo not behave
similarly. An increasen the CPE element is seafter the binding oE. coli for Maalouf et al.
(2007) whilea decreasés seenafter the binding of avidifor Lasseteret al. (2003) Neither

author comments on the physical reason for thiemiice seen in their CPE elememiswever
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this maybe explained by the nature of the analyte captlréde case of Lasseter et al. (2003) if

the double layer is viewed as a parallel plate capacitor, then the avidin increases separation
distance betweethe electrode and the double layer thereby decreasing the capatitaweser

for Maalouf et al. (2003) the binding &. coli might increase the concentration of ions in the
double layer as the internal conductivity of the cell might be higlaer tthat of the surrounding

medium of the double layethereby increasing capacitance.

2.5 Dielectric Properties of Biological Tissues and Suspensions

There are also othatetection schemethat do not rely onchanges ininterfacial phenomea.
These systemeely on adifferencein dielectric properties of the medium between the electrodes
before and after capturét would be prudent at this point to review the dielectric behavior of
biological tissues and suspensions so one has a mdepth understanding ofhat causes tise

impedance changés these systems

The dielectric properties of the medium are related to thedaupce of theystem through the
capacitanceUsing the case of two long parallel plates with a small separation disttnse
capacitance an be derived analyticallthe derivation can be found in any introductory text to

electrostaticsand thiscapacitance is given mquation 1] (Griffiths D. J. 1999%.

Where,
LM Ithe1"#$% &M #3%E& & %' Yo &I('# I1"#$%! N"#S""% N"# I 1"#$%

0 1 NHS%0& & %0 YN HHIHS I"#$" NI g 1 1Y (I'—)

11" Ithel"#$%&"()* 1"#! 1" "% I1"#$%ig ' )!

I N H$%$& (M #$%& (! )

The dielectric properties of the system are conveyed through the regbatinegttivity term in
equation [1 The capacitanceas directly proportional to the relative permittivitgf the system

which means it is inversely proportional teetimpedanceTherefore athe center of the chip
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wherethe collection of model polystyrene particlgg=2.4) displacesvater (%=80) one would
expect an increase in impedance due to this inverse proportionality relatiorskjowever is

an over simplified view of the problem as the relapeemittivity used in equation [is assumed

to be ideal.For the purposes of thiext the assumptiof ideality means that the relative
permittivity of the medium is constant with respect to the frequency of the applied electric field.

In reality therelative permittivitywill depend on the frequency farnumber of reasons

Firstly, an ideal dielectric as depicted by the figka permittivity in equation [[Lis assumed to
have no conductivity, but this is not the case for many dieleckarsexamplewater at a neutral

pH will have ahydronium and hydroxide ion concentration of WD due to self-ionization
Knowing the ionic mobilities of hydronium and hydroxide are 3.63xtén sec¢' V™' and
2.05x10° cn’ sec¢' V!, respectively (Bard A..& Faulkner L. R2001) the conductivity of pure
water can be calculated to be 0.0548!Strithe conductivity of blood plasma is much greater
than this due to the ionic species preseith a conductivity of around +38 Scm™ (Hirsch F. J

et al. 1950. The conductivity of the medium is included in the complex form of the dielectric

constant a seen in equatior2] (Jones T. B. 1995)

I T Y I e |
. . T" .'....

Where,
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This complexpermittivity can then be substituted in place of teative permittivity inequation
[1]. Theimpedance spectrum of a parallel plate capacitor with an overlapping area’océdda

separation distance ofcin fill with purewater can be see belowkigure9.
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Figure 9: Impedance spectra of a In” parallel plate capacitor filled with pure water.
Unlike the case of an ideal dielectribe impedance with a nedeal dielectric will be dominated
by the conductivity of e dielectric at low frequencie¥his is why the impedance begins to

plateaus al kHz inFigure9.

This dielectric behavioiis still not the whole picturehoweer, as the relative permittivitand
conductivity in equation [Rare also functions fofrequency. The dielectric is composed of
moleculeswith a permanent dipole momeahdthese molecules will taka specific amount of
time to orient themselves to the electric fielthe contribution to the overall polarization of the
medium due to thalignment of molecules to the electric fietdexpressed in thealue ofrelative
permittivity. If the field is chaging faster tbn they are able to rotate to orient themselves to the
field then this contribution to the polarization is lo€onsequentlythis losslowers the relatie
permittivity of the mediumFor examplewater molecules possess a permanent dipole moment
and when an electric field is applied skenoments will align themselves with the field creating
an orientationalpolarization. However as the frequency increasing into the tens of gigahertz
range the water molecules are no longer able to completi@pt themselves to the field and
some polarization is losThe characteristic frequency for this relaxation is@8z where the
relative permittivity of water decreasérom 80 at frequencies an order of magnitude lower then
this, to 2 at frequencies an order of magnitude higher thenMoigén H.& Green N. G2003.

This dispersioris illustrated inFigure10. Essentially at a frequency of £z the electric field is
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changing so fast as to have no affect on the orientation of the water motbenéds; decreasing

the overall polarization ahe mediumas reflected in the value of the relative permittivity

Relative Permittivity
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T T T T T T

-
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o
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Figure 10: Dielectric dispersion of water occurring at 20GHz due to the loss of orientational

polarization.
Three such dispersisrare commonly observeih biological tissueswhich are designated &, #,
and ' dispersions (Pethig R1987). The &, and ' dispersions are generally of no interest with
respect to the detection schemes that will be presentedTaty.represent theelaxationof the
ionic atmaphere near charged membranes, and relaxation of water within the, isspestively
(Pethig R.& Kell D. B. 198%. The # dispersionwhich occurs in thdow kilohertz to high
megahertz rangds associated with MaxweWagner polarization phenomena wagll as the
relaxation of proteins within the cells (Feg R. & Kell D. B. 1987) The relaxation of proteins
within the cell occurs for the same reasons as for the water example, excepthey are larger
then water moleculeshey will incur a largerelaxation time constant (Daniel V. 1967), and have
a lower characteristic frequencyherefore the only thing left to address is the contribution
brought about by MaxwelWagner polarization.
Maxwell-Wagner polarization comes about due to the build ughafge at the interface between

two different dielectrics in an electric fieldlhe classical problem that is seen in many
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introductory texts to electrostatics is the case of a homogeneous ideal digdpbigie in a

vacuum subjected toumiform electre field E,, as depicted ifrigurell.

Figure 11: Polarization of a homogeneous particle in vacuum for a constant electric field

A mathematically vigorous solutidor this probem can be found in Sclaktz(1972) In the case
of a particlewith radius R, subjected to a time varying electric fiedlddsuspended in mediuof

permittivity ! | , the induced dip@ moment is given by equatior] [@ones T. B. 1995)

| |
1

Lpg 14110, m!;!!![!!

Here the asterisks denote the complex permittivities of the respective material. Unlike the case for
a vacuum depicted iRigure 11 the orientation of theénduce dipole in this cass dependentn

the ratio of complex permittivitiein equation 8] which isknown as the ClaussMossotti factor.

When the contributions dahe particle are much greaterat that of the mediumthe induced

dipole is aligned with the field andoa versa

Equation [3 can beused to approximate the behavior of bacterial or viral species in solution by
modeling them as a series asncentriccircles The simplest virion consists only of a protein
coating, called the capsid, encalasimg the viral DNA or RNA(Prescotl. M. et al.2005) If the

capsid can be approximated as sphere with a complex permittjvity,, surrounding the viral

DNA solution with a complex permittivity,, then the virion particle is often presented as a

homogeneous particle as depicteBigure12, with complex permittivityl "y .
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Figure 12. Homogeneous representation of a shelled particle through the use of an effective
complex permittivity .

Derivations of this equivalent effée¢ particle permitvity can be fomd in Jones 1995) or

Huang et al(1992) and is seen equatict] [Jones T. B. 1995)

Substitution of equatiord] for the complex permittivity ba particlein equation [3 gives the

induce dipole moment fothis simplified virion particle Knowing the polarization of a single
particle allows lhe calculation of the complex permittivity of a mixture of particles in a medium,
with a complexpermittivity ! { , containing a volume fraction of particles & seen in equation

[5] (Morgan H.& Green N. G2003.

! bty ! 11!
Clleffr i
H !f(!!*!!""!”!!>

o
The interpretation of the effects bfaxwell-Wagner Polarizatiofrom equation $] seems to be

[']

intuitively intractable given the number of variables after the relevant substitutions are made.
Therefore, ¢ highlight an important point abotibw a mixture of viral particles behavesan AC
electric field it is prudentto perform some simulations of equatiof].[The values for the
permittivities and particlelimensions wergaken from Suret al (2007), however Sun et al.Os

focus is more towards the time doma@sponse of this system andnist completelyrelevant to
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the current discussioifhe relevant parameteirs the simulations are;%60, (i = 0.4 S/m, %m=
5, (mem= 1x10°% S/m, % = 80, (= 0.016S/m or 1.65/m, R,= 3!m, R;=2.995!m, and V; = 0.98

%. The behavior of theelative permittivity ofthis mixtureis presented below iRigure13.
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Figure 13: Relative permittivity behavior for a heterogeneoususpension of shelled particles
in low conductivity (16 mS/m) and high conductivity (1.6S/m) water.

The relative permittivity of a mixture of these model bacterial particles is greatethédt of bulk

water in both casesrom an isolated purely capawiice point of view thisncrease in relative
permittivity would correspond to a decrease in the impedance of the system at these lower
frequency rangesdowever as the frequency of the applied electric field is increased the relative
permittivity tends taa value just below that of bulk watéro understand this relaxation one can
take a viewpoint often encountered in these discussidres.membrane surrounding the interior

of the particle is viewed as wiag a specific capacitancGawad S. et al. 2004 At low
frequencies the capacitance of this membrane is realized by charge accumulation at the boundary
giving way to an induced dipole on the particldowever as the frequency is increased the
capacitor never gets the opportunity to charge itself befmdield changes again and therefore

the charge accumulation on the surface of the particle decredstdwut the additional

contribution of the induced dipoles the relative permittivity of the medium falls to around that of
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bulk water since the inner gicle is almost as polarizablas water Anotheressential takeway

from this is that at low frequencies the shell of the particle effectively insulates the inner contents.
As the frequency is increasethe capacitanceof the shell is shorteduchthat charge can be
conduced through the particles. The significance of this isisetw@ conductivity of the mixture

presentedn Figurel4, andFigurel5.
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Figure 14: Heterogeneous suspension conductivity for low conductivity (1&S/m)
suspending medium
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Figure 15: Heterogeneous sspension conductivity for high conductivity (1.6S/m)
suspending medium

Due to the membrane insting the inner portion of the particl¢he suspensio® low frequency

conductvity is lower than the conductivity of the suspending mediumboth casesAs the
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frequency increases the membrane is shorted and current is carried by the inner cell medium
causing the conductivity of the systamincrease. The extent of the increase depends on the
conductivity of the medium inside the particlehis change inconductivityis important because

as seen irFigure 14, if the conductivity of the particles sufficiently higher then that of the
medium the conductivity of the iwture can surpass that of the suspending medium for high
frequencies. While the theoretical underpinnings of this mixture theory relegate its use to purely
qualitative llustrations of mixture behavior, dan be used to intergréhe behavior of twsensr

designs thabare comparisons to the DEP chips used in this work.

2.6 Analyte Detectionfor Non-Functionalized Electrodes

Work by Suehiro et al. sougtd captureE. colithrough the usef positive DEPwith one of two
electrode designs represented belowigure16.The interdigitated electrodeBigure 16 (a), and
the Ocastle wall electrodeskigure 16 (b), are fabricated by depositing chromen a glass
substrate using standard photolithography techniduiesE. coli cells wereassumed to have an
inner cytoplasmic conductivity of around @®S/m while the suspending medium conductivity

was 0.2mS/m.

(@) (b)

Figure 16: Pictorial representation of E.coli capture using interdigitated (a) and castle wall
(b) electrode designs used by Suehiro et al.

DEP collection of the cedland impedance measurements wpegformed in tandem using a

system described in Suehigt al. (1999) and wasreferred to as dielectrophoretic impedance
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measurements (DEPIMDEPIM was performed at either 1861z or 1MHz. Cell suspesions of

varying corcentration werellowed to flow over the electrodes where they experience positive
DEP forces and wergapped as depicted iRigure 16 (Suehiro J. et al. 1999, 2003, 2003(2),
2006).In all cases the conductance and capacitance of the system increased with time as cells
became trapped in strong field regiombe detection it for the interdigitated electrodes under

this tandem capture/measurement technique wasCEW/mL; however this limit could be
lowered to 16 CFU/mL, if the voltage was increased fromVa, to 20V, after a few minutes of
capture(Suehiro J. et al2003) This voltage step causes the cell membranes to becoone
permeable to ionic species causthg ionic contats of the cells to beeleased to the suspending
medium in a region near the electrodée result of this voltage steis arapid increasen the
measureatonductivity thathen gradually decreases as the ionic species diffisgechnique of

using electropermability to increase the sensitivity of the impedance measurements was referred

to as EPADEPIM by the authors

DEPIM, and EPADEPIM werealso used tgelectivelydetect viableE. colicells(Suehiro J. et al.

2003(2)) ancE. coli cells mixed withSerratia marcescenSuehiro J. et al. 2006)espectively
Selectivity of viable E. coli cells was @amplished through the differencethre dielectrophoretic
properties exhibited by viable and reiable cells, while selectivity for the mixed cell population
casewasrealizedby the use oéntibodies functionalized on the surface of the glass substrate.
Given the experimental conditionsrfthese system®ne would expect them to behave similarly

to that of the low suspending medium conductivity presenteéignire 13 and Figure 14.
Detection is possible becauskee high frequencies used allow at least some current to be
conducted by the cytoplasm of the cell. Since the cytoplasm has a much greater conduartivity th
the suspending medium and a sigrfit number of cells are captured, twnductivity of the
medium near the electrodascreases as irFigure 14 thereby increasingthe measured

conductance.
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Another sensor that warranagtention is a microfluidic flow cytometer developed by a group in
the UK, and is depicted iRigure 17. This figure represents the sensing area ofdyi®@meter
where the cell of interests passes between two pardietrodes that are 20 'm x 20 'm
separated by a distance of 2@ . The electrodes are again created using photolithography
techniquegby patterring platinum on a glass substrateells are suspended in a medium that is
usually made to mimic physiological camdivities and range from 128 S cm™. A differential
measurement technique is employed whkedwo sets of the parallel electrodes are useithfer
impedance changes in the system. As the cell passes over the first set of electrodes it alters the
dielectric properties of the medium in between these electrdtiesother set of electrodes serves
as a reference and the current off both of theslectrodes is sent to two current to voltage
convertersThe resulting voltage sigrssdrethen sent to an operational amplifiathich outputs a
voltage based on the difference of the two inp#fter the cell clears the first set of electrodes

entas the second sandthe sense/reference roles of the electrodes are reversed.

Figure 17: Pictorial depiction of microflow cytometer setup for blood analyss such as
presented in Gawadet al. 2004

Extensive theoretical charadt@tion of impedance changes fdhis system with respect to
varying mixture theries (such as equation][fGawad S. et al. 2@) Sun T. et al. 200 Morgan
H. 2007) as wk as finite element simulations (Gawad S. et al. 2001, Gawad S.22G8) have

been grformed.Considerations of the signal processing for this system can be found in Gawad et
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al. (20Q1), and Suret al. (2007)The culmination of this work allowed the differentiation of the
three main cell types that compose the white blood cellilagipn of a whole blood sample that
was treated with formic acid (Holmes D. et al. 200®ifferentiation was accomplished by
characterizing and comparing the Ohigh<&10 MHz range) and OlowO (1K8z D1 MHz range)
frequency responseof the system and the results show good agreement with traditional
laboratory countsThe reason for comparing the high and low frequency ramgesto get
information on the size and dispersive properties of the celteeliow frequency regime the cell
membrane indates the particle as per the discussiosdntion2.5. The higher frequenciesere
used to probe the dispersions of the particles such as tlepéeted inFigure 13 which are
dependent on the dielectric properties of the partidles.treatment with formic acmasused to
alter the dielectric properties dhe cells enough such that the populatioonsid be easily
differentiated and quafigéd as the untreated sample Hdifficulty differentiating the neutrophils

and monocyte populations.

These examples illustrate ththe detection ofmicron sizedcells betveen microelectrodes can be

done using changes in impedance. Howevesé systems have the advantage of using cellular
organisms, which are 1000 times largerthen the viral particles of interest in this wovkKhether

success in these systems can badiated to the detection of viral paltis will depend on many
factors,but before these can be explored one must first characterized the impedance response of

the current DEP chips.
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Chapter 3

Characterization of Current System by ImpedanceSpectroscopy

3.1 Current DEP chip design

In this work trere are 5 different DEP concentration chip desiginch are designated as SC100,
SC 10, T10, SC5, BP5. These designs vary in an approximately 300umx300um area at the center

of the chips as can be seen belowigure18.

SC5, SC10 BPS

: ()
Figure 18: Schematic depiction of DEP chips designs with capture areas shaded grey

The number in the chip designations refers to the electrode gap distance between opposite

electrodes in microns (i.e. an SC10 will havéCam distance between thigps of two opposite

electrodes). It should be noted tiagure18is only a schematic depiction of the designs and only

approximate thearrect relative dimensions of the electrodes. In actuality the narrower portion of

the SC10 electrodes is wider then that of the SC5 andd@Bignshowever it is impossible to

convey the difference with images of this scale. The heigliteoékectrodewas 100nm.

Thesechips are numbedaccording to batch with the first number representing the batch number

and the second number representing tlaatiqular chip (e.g. 9/10 would refew chip 10 of batch

9). Each number is engraved onto the top left of each chip and this is used to distinguish between
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electrode pairsThe vertical electrode pair is denoted as being to the right of the chip designation,
and the horizontal pair is below this engraving

When an appropriate electric field is applied to the electrodeynergistic effecbetween the
electrothermal flows and DEP forces concentrate particles at the center of thEhehgxpected
capture area for the target analyte is shaded gr&yjgime 18. The actual area might be a little
larger (i.e better depicted by a rectangle at the center of the chip than by a circle) but this
assumption should not have any sigraht influence on the conclusion of this work. The hope is
that this concentration effect will allow one to detect a lower concentration of viral particles in
those cases where diffusion of viral particles to thresgesurface becomes inhibitoijhe intial
guestion to be answeredw is how sensitive is the impedance response to partolecentrated

at the center of the chipTo do this the impedance response was characterized with the help of

equivalent circuit analysis to determine the contribigiohrelevant physical phenomena

3.2 Materials and Methods

3.2.1Standard Chip Fabrication

Chips were fabricated using standard photogitlaphy techniquesThe substrate was a silicon
wafer with either a 500im (batch 10), or 1000m (batch 11) insulating layef silicon dioxide.

The wafer was first cleaned by thoroughly rinsing it with deionized water, acasopeopyl
alcohol and then again with deionized watafter the final rinse with water the wafer was blown
dry with nitrogen and then placed on a hatelat 10QC for 15 min to ensure the wafer was dry.
After drying, the negative photoresist fNal405Micro Resist Technology, Berlin, Germgny
was spincoated onto the wafelFor spincoating @proximately 3mL of the photoresist was
drawn up into gplastic pipette and deposited onto the wafer during the first stage of the spin
cycle This stageonsisted of aamp up to 400pm at an acceleration of XBm for 5 secThen a
second stage would ramp up to 20@dn at an acceleration of 2@m for 30sec. After spin

coating the wafer was subjected to a-pxposure bake step at 190 for 2 minutes, and then
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exposedor 30 secondsThe wafer was then placed a crystallization dish containing enough of
the developer m& 533Micro Resist Technology, Blm, Germany to submerge the wafefhis
was then agitated for 45 seconds before a final rinse with deionized watéresrtlown dry
with nitrogen.A 50 nm layer of chromium wathendeposited onto the wafer using an electron
beam evaporator to provida adhesion layer between the gold and silicon dioxide layben a
100 nm layer of gold was deposited bye same method onto the wafer. After metal deposition
the wafer was placeith another crystallization dish and submerged in acetone and theredgitat
using sonication until the remaining photoresist wasongrd leaving only the electrogatterns.

The chips were then cut out from the wafer using a dicing saw and a diamond coated saw blade.

3.2.2Reduced Area Chip Fabrication

The standard chip fabricationaethod was slightly altered to reduce the area of the electrodes used
for impedance measurements for the batch 1&sehips. This was done to reduce a stray
capacitance thatould dominate the high frequency impedance response of the Beipse the

metal deposition stepgape was placed over the larger contact pads of a select number of chips.
Metal deposition and lifoff were performed as before using a sonication bath and the resulting

wafer can be seen Figurel9.

Figure 19: Tapped wafer after gold deposition and sonication
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Thetape remaining on the wafems then manually removed get electrodes with a significantly
redwced areaKigure20). After the tape was removethe chipswerediced using a dicing saw as

before.
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Figure 20: Wafer after tape removal showing reduced area DEP chips

3.2.3Standard Chip Impedance Measurements

Impedancemeasurements were preformed with a Solartron 1260 frequency response analyzer
(Hampshire UK) in standalone mode. Connections to the chip wemadeusing a specially
designed mge Individual 3OBNC cables were connected to the Gen Output, Current, Voltagel
High, and Voltage 1 Low ports of the Solartrdrhe Gen Output and the Voltagel High were
then connected via a BNC T adaptdhe output of the adaptor was another 3" length of BNC
cable thatterminated with an alligator clipThe same type of arrangement was used for the
Current, and Voltage 1 Low cableghe alligator clips were then attached to codpadsof the
specially dsigned stage which were in contacwith opposite electrodes of the chips for

measurementass seen in the scheritapresented ifrigure21.
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Figure 21: Schematic of Solartron 1260 connection to chip.
Zplot (Huntington Beach, CA) was used to interface with the Solartron and set up the
experimental parameters, which were then analyzed using Zview (Huntington Beacl)st#)
the Zplot softwareone can change the excitation voltage, frequency rangenamder of data
points The initial experimentexcitedthe DEP chipwith a voltage signal 0100 mV peakto-
peak in afrequency range from@D Hz-1 MHz, using adata acquision rate of 10 pointger
decade. The Zview software was used to regress the circuit parameters from the impedance data

collected over this frequency range

A larger frequency sweep over the range of -z was also used to illuminate some issues
with the regression of paraters.Zview software was again used to regress circuit parameters
from the same set of tlausing three different cas@e first regression used the full data set and

the equivalent circuitised in the initial data s€fhe second regression used a oteld portion of

the spectrumThis redacted portion of the spectrum is supposed to mimic the case of DI water
where the impedance does not include significant portions of the double layer capacitance. The
redacted frequency spectra for ther@S/m and 880nS/m solutions are 3984z-1 MHz, and
39810Hz - 1 MHz, respectivelyThe final regression uses this reacted spectrum and a simplified
equivalentcircuit thatdoes not include the double layelement,as it does not significantly

contribute to the impedan.
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An initial frequency sweep was done to determine the effect of the experimental setup using a
defective chipThis chip was defective as the electrodes did not fully form and where connected
essentially making one large electrode. Leads were attachexpposite ends of this large
electrode where the contact pads would have been anedanpe measurements were taken.
These measurements give the impedance of the setup, including the contact resistance incurred
from connecting to the electrodeBhe impe@nceresponseof this setup was observed to be
orders of magnitudewer then that of a regular chip the frequency range of intereShe setup

impedance was therefore ignoried all subsequent experiments

Different KCL solutions were used to determithe effect ofionic strength on th@npedance
response of the syster 67 mM solution of KCL was prepared by dissolving @.bf KCL in 20

mL of deionized waterThis solution was then used to make ar@M, and 0.67mM solution by
taking an appropriateolume of the original solution and diluting it with deionized watdre 67

mM, 6.7 mM, and 0.67mM solutions correspond to solution conductivities of 888/m, 95
mS/m, and 10nS/m respectively (Wu Y. Cet al. 1989) These conductivities were confirmed
using aCorningPinnacle54” pH/conductivity meter and Corning Laboratory Conductivity Probe
model M542 For KCL measurements, a 2 droplet was placed on the center of the chip using a
micropipetter ensuring that the dropleas centered andid not exend to the contact padafter

the measurement was compldtes chip was rinsed with copious amounts of deionized water and

then blown dry before the next medium was deposited.

After these initial experimenta larger frequency sweep over the range Hzt 1 MHz was also

used to illuminate some issues lwihe regression of parametefsiew software was again used

to regress circuit parameters from the same set of data using three different cases. The first
regression used the full data set and théwadent circui used in the initial data sefhe second
regression used a redacfgartion of the spectrum. Thiedacted portion of the spectrum mimics

the case of DI water where the impedance does not include significant portions of the double layer
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cgpacitance. The redacted frequency spectra for theSn and 880nS/m solutionsvere 3981
Hz B 1 MHz, and 39810Hz B 1 MHz, respedtely. The final regression useithis reacted
spectrum and a simplifie equivalent circuit that diciot include the double layer capacitance

element, as itid not significantly contribute to the impedance

3.2.4Reduced Area Impedance Measurements

Impedance measurements were carried out using the Solartron 1260 frequency response analyzer
and the Solartron B5 dielectric interfacdHampshire UK), which allows for more accurate
measurements at higher impedances and frequerdgethe large contact padaere removed
Signatone S1160 probe statio(Gilroy, CA, US) and Signatone-826 micropositionefGilroy,

CA, US),with a 50! m pin tip were utilized to make the necessary connections. The excitation

voltage used was again 160/, and the frequency was limited to the randeH - 1 MHz.

Zplot and Zview were used as before for setting up the experimantabnd the analysis of the
results, respectively. A simple RC circuit was used to fit the data during analysis, and for fitting

the frequency spectra was limited to 134z - 1 MHz.

In an attempt to validate that tmeduced area chips dméspond to a @nge in the dielectric
medium three different mediums were used to probe the response of the system. The mediums
used were air, water, an®imethyl sulfoxide (DMSQO) which have relative dielectric
permittivities of 1, 80, and 48 respectively. Air was usémhg with either DMSO or water to
calculate the geometric factosing equation [11]The results of using DMSO and water were

then comparedThe use of1590 ! m diameter wellswhich were created using microscope
imaging spacers (Sigraldrich), ensuredhat the wetted area was the same for each mediam

do this, hree individual spacers were overlaid on top of one anathera 116-inch hole punch

was used to maka well d the appropriate diameter. The wedhs then placed manually over the
center of the chip so that both DMSO and water would cover the same area of the chip. Before

each measurement the welasfilled using a micropipetteto dispense 2L of the appropriate
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medium into the well. After the easurement was complete the wedlssthoroughly rinsed with

Millip ore filtered water, and dried by blowing air into the well.

3.2.5Functionalization of Silicon Surfacefor Particle Capture Experiments

All chemicals, except for antividin (Polysciences, PA, US), were purchased frSigma
Aldrich. Functionalization was carried out under an inert nitrogen atmosphere in a dry box. Using
a 1 mL pippetter 0.73%nL of (3-mercaptopropyl)trimethoxysite (MTS)was added to 4B1L of
anhydrous toluene. This solution was then evenly distributed between five. ZXintillation

vials. These vials were then placed onto a hot plate and heategQo Afder the vials reached 80

iC the chips to be functionalized whetased with toluene and then placed into the Mdbene
solution for 1 hour. The heat was turned off so that over the course of an hour the solution would
be allowed to cool down. 0@of N-succinimidyl 4maleimidobutyryloxy(GMBS) was dissolved

in 0.4 mL of dimethylformamidein a 20mL scintillation vial, and then the vial was filled with
ethanol. This GMBS solution was again evenly distributed between finelL2€cintillation vials.

After an hour the chips were removed form the Mdlsiene solutior{which was around 3%C),

rinsed with ethanol and thgrlaced into a vial astaining the GMBS solution. Again the vials
were allowed to react for and hour at room temperature in the dry box. Approximately 1mg of
antiavidin was dissolved in 2@L of phosplate buffered saline (PBS) solution, and then evenly
distributed between five 2@L scintillation vials. After an hour in the GMBS solutjghe chips

were removed, rinsed with PBS and then placed in a vial containing thavatiti solution and
allowed toreact overnight. The next morning the chips were removed from theaaditn

solution rinsed with PBS and submersed in a vial containing PBS and stored in the fridgd.till use

3.2.6Particle Capture

The procedure for capturing model particles at the centehefDEP chips was taken from
Tomkins et al. (2008). The avidamtiavidin reaction was utilized to permanently bind the desired

model particles to the surface of the chip. The model particles used in these experiments were
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fluorescent 21Gm Neutravidin finctionalized polystyrene particldsyitrogen, Burlington, ON

Model particles were suspended in water with a conductivity offB80m at a concentration of

10" particles/mL. 2IL of this suspension was pippetted onto the center of the chip and then
paticles were concentrated at the center of the electrodes by applying a sinusoidal voltage signal
with a frequency of MHz and amplitude of &y, for 12 minutes. The chip was theigorously

rinsed with DI watetto remove anything thatasnot specificdly bound to the surface. Two SC

10 chips (11/1, 11/4), one SC 100 chip (11/7), and two SC 5 chips (11/18, 11/20) were used in

these experiments.

3.2.7Impedance Measuremerd for Particle Capture

Four runs were danfor each chip using water as the medium befand after capture. The
impedance measurements and analysis are carried out in the same matter as described the
previous sectioffor reduced area chipgith the exception that no wells were used and @f DI

water was pippetted directly onto the centethe chip.No well was utilized this time because

only one medium was used so differences in the hydrophobieitg not a problem. Also, after

functionalization theravasless variability in the wetting of the surface of the chip.

Capture was determinegsing a microscope by illuminating the center of the chip with a mercury
short arc fluorescent lamp (OSRANWunich, Germany The areas with significant particle
collection would have a noticeable green fluorescelmeages showing examples of capture were
taken using a CCD camera (Lumera, InfinityBjthell, WA) using an exposure time of 1.75

seconds
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3.3 Standard Chip Characterization

3.3.1Initial Impedance Spectrum

Examples of thempedance spectrufior a SG100 (chip 1610), andBP 5 (chip 1624), can be
seenbelow in Figure 22, and Figure 23 respectively.The speatr of these two chipsre very

similar and this type of behavior is seen regardless of the chip design.
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Figure 22: Initial impedance spectrum for chip 10/10 under varying medium conditions

107
10°

Air

— — Dlwater

------ 10mSim

— - — 95mSim
--— 880mSim

N
E 1 11l 1 11
o? 10° 10* 10° 10°
Frequency (Hz)
100
75 - PP - =]
© 7 -~ -7
® .50 - - -
E= I el ~ ~
25 el Tmesl P
O_ 1 L1l 1 TR 1 1 1 1 L1
107 10° 10* 10° 10°

Frequency (Hz)

Figure 23: Initial impedance spectrum for chip 10/24 under varying medium conditions
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Over the frequency range tested the two chips have the same general behavioratofmedi
increasing conductivityAt the high frequency end of thspectrum, the magnitude of the
impedance of all solutions tested tends to the saaheand the phase angles are approacbihg

i. The response of these chips to the -lmid frequency range is more complicated and is
dependent on the solution conductviiThe higher the solution conductivity the sooner the
impedance strays from the high frequency impedance respdimge.highestconductivity
measurements initially deviatérom a phase angle of 9@ven in theupper range of 10kHz - 1

MHz.

3.3.2Equivalent Circuit Representation of Impedance Data

As therewas no redox probe and initially particles are not present, the relevant sources of
impedance for the DEP chips shouldthe set up resistance, double layer capacitance, solution
resistance, andielectriccapacitance. With this in mind a probable equivalent circuit elemast

purposed for the DEP chipshich can be seen igure24.

R sol CPEd'
R.cwe MWN—>

di
Figure 24: Initially proposed general circuit model for DEP chips
The impedance dataas fit to thisequivalent circuit model, and two examples of the fit can be
seen below irFigure 25. By visual inspectionthese twocasespresent the ObestO and OworstO fit
for the datagathered for chip 10/10n both examplesthe fit results folloved closely with the
impedance data and it appears that the model presentdelgime 24 was an accurate

representation of the DEP chip$ien judged by this standard.
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Figure 25: Visually (a) bestand (b) worst fit results for Chip 10/10.
However, his conclusion does not seem as accurate when looking at the equivalent circuit
parameters values and corresponding percent error provided by #wieadl chip 10/10 runs

These values can be seeMablel chip 10/10 under variousmmedium conditions.

Table 1: Equivalent circuit parameter estimates for chip 10/10nitial data

Air DI Water 10 mS/m 95 mMS/m 880 mS/m

Rsetup($) 8.35 8.67 16.99 20.65 48.16

+39.59 % +3.28% +20.82% +22.77% +17.45%
Rsol ($) 1.01x10° 1.61 1.46x10° 2.6x10" 2.10x10°

+4.1%% +4.0%'% +5.71% +1.0%% +1.38%
CPEA, 9.24x10%° 2.0%10" 1.610° 4.03x10" 2.5%10"

+3.916% +9.96% +16.07% +8.03% +6.74%
CPE# 1.8%10" 9.17%107 0.29 0.66 0.82

+3.86€% +27.25% +12.39% +1.75% +1.086
Cui (F) 4.73x10"° | 4.7%10"° 4.83x10° | 5010 | 5.9%10"

+0.2543% +0.30% +0.3™ +0.56% +1.7%
Sum of Square 17.60 0.57 0.19 0.19 0.46
Residuals
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If the fit werejudged solely orthe basis othe sumof square residuslaluethen the conclusion
would now be that the 880nS/m fit is better then the DI water fidlowever,one should also
evaluate the fit of the pamseters based on a thicditerion, namelythe physical understanding of

the system.

When the constant phase elementised to describe the double layer impedahadten hasa
value between 0:0.9 (Bard A. J & Faulkner L. R 20D1The only time thisvasseenin Tablel
wasfor the 880 mS/m solutiorm.o understand why this wdsppening the frequency range was
extended to sweep fromHz -1 MHz. By extending the frequency sweep it is eaiemake out
the low frequency capacitance which physical intuition tells us should betaddeuble layer
effects. However the first regression seems to cast doubt on this assumptioneWlfrequency
rangeextends the data set asldould increase the @aracyin estimating the values glarameters

that areresponsible for the low frequency response, i.e. the solution resistance and double layer

capacitance.
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Figure 26: Chip 10/10 impedance spectrum for extended frequency sweep
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Regression of & full spectrumdata using the general circuit modglocated in theirst section

of Table2.This data is the benchmark as it makes use of thegalttrum ands assumed to most

accurately estimatsystem parameterdlote that now for the 9B1S/m solution the beta value for

the CPE element is in the correct rangjbe secondsection ofTable 2 represents fitting the

general circuit model to a redacted portion of the impedance spedtheniinal section offable

2 representsghe fit when the double layer capacitance is igngredthe CPE is removed from the

equivalent circuit modeland the only contribution to the impedance ctpen is the solution

resistance, and dielectric capacitance

Table 2: Chip 10/10 parameter estimates for varying frequency ranges and circuit elements

General Circuit, Full | General Circuit, Redacte] General Circuit minus
Spectrum Spectrum CPE, Redacted Spectru
880 mS/m| 95 mS/m 880 mS/m | 95 mS/m | 880 mS/m | 95 mS/m
Rsetup($) 54.74 25.13 29.65 14.05 37.99 21.24
+18.78 % | +48.02 % +19.08% | £29.30% | +18.86 % | £45.54 %
Rsol ($) 2900 26000 2100 9700 2500 23000
+1.30% +1.53% +1.30% +84.48% +1.626 +2.09%
CPEA,(F) | 1.5x107 | 1.4510’ 4.1510° | 1.41x10’ N/A N/A
+2.29% +3.12% +2.29% +40.40%
CPE# 0.93 0.89 0.30 0.15 N/A N/A
+0.45% +0.79% +86.61% | +59.64%
Cai (F) 55%10%° | 5.14x10"° | 5.2x<10™° | 4.8&10"° | 54510 | 5.11x10"°
+1.86% +1.42% +1.65% +0.72%6 +1.31% +1.16%

If the full spectrums the benchmark used in judging the other twq then the case were the

constant phase element is removed from the general circuit is the most accuratiecull

parameters estimatagsing theredacted spectrumo CPE caseare closer to the full spctrum

results tlan the redacted spectrurase Thisresultwould seem tandicatethat in situations where

a full spectrum measurement is not possible it is better to use a physical understanding of the

system to reduce the general equivalent circuit intportant circuit elementfOtherwise the

regression will use these less importalgments which should have minimal impact on the
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impedanceto create a better mathematical fit to the datais is what causes the solution
resistance to be dramaticallgduced in the redacted general circuit fit in table 2. The regression
uses the CPE element to produce a better mathematical fit however to do this the # parameter is
dramatically reducedihe smaller# parametenecessitates theduction ofthe solution resistance

element as now the CPE element is being used to simulate a portion of the solution resistance.

Even when full spectrum measurements are possible one should use a physical understanding of
the circuit elements to produce a more aataiequivalent circuit representation. Such is the case

for the chip in air datpresented ifFigure22. Some of the parametestimatedor this datahave

very large erros as can be seen ffable1l. From a physical point of viewsahe conductivity of

the system goes down the capacitance of the double $arld decreaseand the solution
resistanceshouldincreaseForthe case of air the solution resistance is essentially infinite as there
are no significantcharge carriers. This means thae impedance of the RCy brarch is
essentially infinite andhe current would 8w solely through the dielectric capacitance branch

This would reduce the equivalent circuit representatidrignire24 to that seen ifrigure27.

Rsetup Cd
A 1]
WAN—|

Figure 27: Equivalent circuit representation of DEP chips in air.

When this equivalent circuit model is usedrépresent the impedance data for chipl00in air

the values for R, and G are 8.349% + 38.85%, and 4.72710"°F + 0.2476% respectively.

While the relevant parameters are essentially unchanged, the sum of squares in this case is 81.08,
which indicates areven worse fitAs with any type of regression the sum of squastdualscan

be reduced by increasinge number of fitting parametets provide a better mathematical. fit

This example is a more canhddry case of what was happening with theEC&ements above

with theredacted spectrunThe regression tries to provide the best mathematicahéitdoes not

care if every element haphysical significanceFrom a physical point of view, the equivalent
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circuit represented iRigure27is a better fit to the data even if some of the regrestiBEgnostics

are less favorable

For these reasandifferent equivalent circuits will be usetiroughout this workio esimate
various circuit parameters based on the impedance spectrum being evadlhatl equivalent
circuits will however, always be a derivative of a more general equivalent circuit model that takes
into account all the important physical phenomena prasehis system undehe most general

circumstances.

3.3.3Initial Validation of the General Equivalent Circuit Model Parameters

Visual inspection of the high frequency pesse of the impedances spegrasented ifrigure22
and Figure 23 should call into question of the validity of the general equintatércuit model
presented ifrigure24. At this point it wouldbe prudent to try and validatiee circuit elementby

isolating their behavior to frequency rangdsere these elements dominate.

3.3.3.1Low Frequency Limit B Domain of the Double Layer Capacitance

A theoretical consideration of the double layer can be very complex (Bazant M. Z. et al. 2009)
and at this current stage is unwarranted. Therefore to determime ifowv limit frequency
response is due to a double layer type capacitance one should see if it has sensitivity to the ionic
strength of the medium. FroRigure26it does appear that the low limit frequency response does
behave as one would expect when the istiengthof the medium is increaseiihat is to say the

double layer capacitance increases as the medium conductivity increases. Another thing that
points to adouble layer type capacitance is that this portion of the frequency spectrum can be
describe with a constant phase element wherein the # parameter falls wéthies stated in the

literatureif regression is @formed correctly
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3.3.3.2Middle Frequency Spectrum B Domain of the Solution Resistance

The deviation from capacitive behavior seen in the mid frequency reaggssumed to be due to

the solution resistance of the system. The value of this level portion of the impedance does seem
to correspond well tohte estimations of the solution resistance give able 2, which gives
credence to this circuit element. A more compelling argument than visual inspection canebe mad
with reference to the values of solution resistance found for the general circuit model fit to the full
data presented ihable2. General measurements of solatiesistance usually incorporate a cell
constant to relate the solution conductivity to theasured solution resistancénig cell constant

is dependent on the geometry of thkectrodes and setup being used, e.g. for parallel plate
electrodes this cell cotant is given by A/d (Bard A. J & Faulkner L. R 2001). For a general case
the cell constant will be denoted as &nd the relation between solution resistance and solution
conductivity is given in equation [6].

"
Lpyg | N1

Assuming thisgeneralproportionality holds true for the DEP chipswas possible to determine
the measured solution resistance of thex@m solution given the measured solution resistance

of the 880mS/m solution as follows.

rerr o b b e

T R I U S

When comparing this value of solution resistance to the one determined by the regression it is

seen that they differ by less then%2 This reslt seems to validate the use of the solution
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resistance in the equivalent circuit model, and implications of this for impedance detection of

viral particles willbe further explored in chapter 5

3.3.3.3High Frequency Limit B Domain of the Dielectric Capacitance

As the frequency is increased for all the systems it is clear that they all tendstmtberalue of
impedance. Howevethis behavioris troubling because while it would make sense for all the
agueous solutions to tend to the same valukigh enough &quenciesthis limit should not be

the same as for aiithe relative permittivity of air is approximately 4s opposed to a value of
around 80 for water Therefore if the general equivalent circuit is correct the dielectric
capacitance of water should 8@ times that of aifThe DI water case presentedTiable1 should
providethe best estimate for th&y of aqueous solutions as the dielectric capacitance dominates
most of the frequency speem. Comparing the dielectric capacitance elements for water and air
one finds a value o#.864&10™° F +0.4589%, and 4.7%10"° F +0.2478%, respectively These
values of capacitance do not vary as one would exyéath indicates that the general equivalent
circuit shouldbe given byFigure28, where the dielectric capacitancenstead replaackby some

unknown capacitance

R sol CPEd'
R setup ‘M >>
—MWAN— —
|
1]

Figure 28: Equivalent circuit representation of DEP chips with unknown capacitance
From this preliminary evaluation of the impedance of the DEP chips it appears that the initial
hope for viral detection will not be possible as thigh frequency limit of capacitance is not
dominated by a dielectric capacitance. Determination of d@tkeal cause of this unknown

capacitane will allow the development of more conplete picture of the system é&merge along
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with a more comprehensivaguivalent circuitTo purdie this avenue, modifications will have to

be made to the DEP chips to alter the unknown capacitance.

3.3.4Determination of Unknown Capacitance

As discussedthe chip does not noticeably respond when the dielectric medium on toé ttog

chip is changedt was hypothesized that the reason for this behavior had to do with the electrode
area as when the electrode pads were damaged the impedance response of the system would
drastically clange. As an example, the data presented before chip 10/24in Figure 23
represented the scenario when the vertical electrodes were useob#&tpbe response of the
system If one were to connect the horizongéctrodes of chip 10/24 to perform the impedance
measurementdghere is significandeviation that does not follow the equivalent circuit models

presentedAn example of this can be seerFigure29 for impedance measurements in air.

- Ch@p 10724 Horizontal Electrodes
Chip 10/24 Vertical Electrodes

-]D: 1 1 [ A | 1 1 [ | 1 1 [ B B |
10° 10* 10° 10°
Frequency (Hz)
-100
=Ty ——— e
= [ T
g-BU — -
- -
-70 B~ — —
_80 i 1 1 1 1 IIII| 1 1 1 1 1 III| 1 1 1 1 11 11
10° 10* 10° 10°

Frequency (Hz)

Figure 29: Chip 10/24 mpedance response for vertical and horizontal electrode pairs
For air one would expect the system to be modeled by the equivalent circuit gviguia27,
however in the case of the horizontal electrodes this cannot besheagahere is a significant

drop in the phase angle at lower frequendiegh sets of electrodes should respond similarly, and
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with most chips this is the case; howevtre two sets of electrodes on this chip are not
completely the samélhe vertical edctrodes are normal and free of defebist the horizontal

pair of electrodes on this chip has been damageing fabrication bythe dicingprocessThat is

to say the saw blade caused chipping at the top of the electrode pads.various number of

other chips this anomalous behavior can only be seen when the electrode pads are damaged in
this way.These damagkchips also have higher impedance in the high frequency recaorttiat

of the undamaged electrodes as can be se€&igimre 29, which corresponds to them having a
lower capacitance in this regioihis behaviormeans that the high end frequency response is
sensitive to the electrode area and when the electrodesrmagdd causing a reduction in area,

one can also see a reduction in capacitambés sensitivity to the electrode arésads to the
hypothesis that there is a parallel plate type capacitance between the electrodes and the silicon
substrate.

If the unknowncapacitance is a parallel plate type capacitance due to a build up of charges
between the electrode and silicon substrate then this capacitance should be affected by the
separation of these two layeas well as the electrode aréar a parallel plate gacitor where

the separation distant between the two plates is much smaller then the overlapping area of the
plates the capacitance can be calculated using equdfjofiom chapter2. The separation
distance between the gold electrodes and the silicostreté can easily be increased by
increasing the silicon dioxide insulating layer of the wafers usedabrication. Therefore,
keeping everything else constant, if the separation distance is increased by a factor of 2 the

capacitance should be reducedasfactor of 2by equation [L

The results of these experiments can be sedrale 3 and Table.4The capacitance estimates
are very consistent with an average value of X100®° F for the 500nm chips and 2.308 F for
the 1000nm chips.Comparing tle average capacitance values for each set of chips shows that as

the separation distance between the electrodes and silicon substrate is increased by a factor of 2
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the capacitance decreases by a factor of 2.04, whidbge towhat one would expecthis result
presents very clear evidence that the large unknown capacitance that dominates in the high
frequency impedance spectra is due to a parallel plate type capacitance between the gold

electrodes and the silicon substrate.

Table 3: High frequency equivalent circuit parameters for chips produced on silicon with a
500nm oxide layer thickness

"#3%&!"()&*!+,$-./&00 | 122/3 | 45&*(6&T (8(-$9(/-&!! 1t:<2x10™2!
7,8 @IABC | 7>IA2C D&**A@>( D&**A7*C

>2B2A, F*$GF/9(HC >[;J! n<2K=>2 1J;1 ! 2;:<!
>2B | 'A,F*$GF/9(HC >|:L! <2K=>2 I<! 2:M
>2B: IA,F*$GF/9(HC >N;21L L<>K>2 :N;N 2;:M
>2E>:1A5&*9$H(HC >>:|J! <2K=>2 1! 2::M
>2ENN!A,F*$GFI9(HC >1;N n<2K=>2 ;1! 2;:M
>2ENN!A5&*9%-(HC N2; MK IMK=>2! N:;J! 2::M
>2EN:IA5&*9%-(HC >J::L! n<>K=>2 I>:N! 2::M

Table 4:High frequency equivalent circuit parameters for chips produced on silicon with a
1000nm oxide layer thickness

"#$%&!'()&*1+,$-./&00| >222/3 1| 45&*(6&!7(8(-$9(/-& N;I2x107%
7,%$8 @ABC 7>A?2C D&**A@> D&**A7*C
>>EN 1J;11] N;NMK2 >L:M 2;IN!
>>E| >SL:1 N;I2Kk>21 I<:N! 2;IN!
>>El >N N;N<g2! 13;1 ! 2;IN!
>>E1IA F*$GF/9(HC >M;1] N:NN#&2! 11:<! 2:1>1
>>E11A5&*93-(HC >M;1| N;I12K=>2 11;<! 2;IN!
>>E& II;L '] N;I>k>21 N2;N 2;IN!
>>EL >L;d| N;INK>2 1J;N! 2;IN!
>>E>| NI:1H N:N<g2! NL:I! 2:1>!
>>E>| 12;M| N;NMK2! N>:1 2:1>!
>>E>11A5&*9%-(HC N<:*| N;I>k>21 Nt 2:1>1
>>E>JIA F*$GF/9(HC J::21 N:I>k>21 >2:J 2;IN!
>>E><IA F*$GF/B(HC N<:&| N;I>k>21 N::>l 2:1>1
>>E>L NN;N N;I12k>2 12;1! 2;IN!
>>ENR N2;I'| N;I>K>2 IN;I'! 2;1>1
>>EN> 12;1 1| N;I2K=>2 NN;J 2;IN!
>>EN:IA,F*$GF/9(HC N>:M N;I>k>21 12;>1 2:1>1
>>EN1IA F*$GF(HC >M;J| N;I>K>2 IN;I'! 2;12!
>>EN1!A5&*9%-(HC >L:U| N;I2Kk=>2 ;L ! 2;12!
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With this information a theoretical derivation of the expected capacitance can be made by making
two simpleassumptionsFirst, the silicon acts like an ideal conductoote that the conductivity

of the silicon substrate used in chip 11 fabrication was 6000@5 $/cm which indicates fairly

good conductance through the silicanich that the electric field e silicon is zeroSecondly,

to accomplish the cancellation of thkectricfield within the silicon, the surface charge density )

that accumulates on the first electrode side is equal to the surface charge density on the silicon

side under the opposiedectrode This scenariags depicted below ifrigure30.

v o E=0|,/ Electrodes ———_ V=0 a, E=0
Silicon Dioxide
E—
o, Silicon = seessssssssssseeeoe- 0_- --------------------
E=0

Figure 30: Depiction of likely charge distribution in DEP chips responsible for high
frequency capacitance

This situation has been recast so that it more resembles the classical parallel plate problems in
Figure 31. Recasting the problemoes not change or add any information that was not already

present before, but helps to put the problem in a familiar light.

a b c d
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Figure 31: Parallel plate representation of DEP chips
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From here the problem can be solved as would be done with the classical parallel plate capacitor
problem (orrain P. and Corson D. 1970, Griffiths D. J. 1R9bhis derivationincludes all the
assumgons that ae included in the simple parallel pladierivations; most notably that fringe

fields are ignoredlt also ignores charging of the electrodes by other means, i.e. it ignores the
dielectric response of the chip$his particular assumption is validated the high frequency
capacitive element tends to the same value regardless of the dielectric placed on the top of the
chipas seen ifable2.

By drawing the appropriate aussian surfaces once can be convinced that the distribution
depicted inFigure 31 produces and electric field only within the silicon dioxide layer and the
fields caicel out in the gold electrodes and the silicBrom these elementary problentset

electric field is given byquation 7] (Griffiths D. J. 1999.

|
[y pe— [N
L1

Where,
P '#$%&'() 1" 1" "#5% &Y' #5% 8 "#$%&!

FI I 1HS% & #!"$%&' ()4 1" 1"# I"#S%&N" N"H#E$%& 1" #S% - "#SY &N "#$YoH P& "# 1"#$%&

Before or after points a and d, and between points b and-gofe 31the electric field is zero.
Between points a and b, and c and d, the electric field is giweguation [}. Integratingalong a

line parallel to vectof, but in the direction of d to a, the voltage can be found to be,

I !f!!! "

| | |

I !f!'! !!"!f!'!!!"!f!'! e

! ! ! !
Ll fr!!"!— roe

aly R

49



Where,
P I HG0A& (1 N# N"H#S%I"#35%

From the definition of capacitance,

Using equation 8] to calculate the capacitance of the 500nm silicon dioxide chips it is found that
this does have good agreement with the experimentally determined values.

RN N R N (UL N T

TRONEE] .

This resultis close to the average capacitance present€dhite3 of 4.70x10"° F. The difference
between the capacitances calculated fregoation 8] and those determined experimentally is
only 1.7% for the 500hm oxide case and 3.7% for the 100@ oxide case, whicindicates a
good agreement given all the simplifying assumptions tizate gone into the derivatioof
equation [8]

The previous results makée case that the unknowESE capacitance that dominates at high
frequency is a parallel plate type capacitance very convineaimg) with this information a new
equivalent circuit ca be proposedThis new circuit takes into accoufSE capacitance,
represented by g and can be seen iRigure 32. The equivalent capacitance of the two
individual electrodesilicon capacitances is given leguation §]. Also, in this representation the
dielectric capacitance was broken up into and upper and lower components as only the upper

component is relevant for detection ahd lower compoent represents dray capacitance.
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Electrode
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Figure 32 New Equivalent circuit representation of DEP chips

Assuming the frequency range is kept sufficiently high such that the double layer and solution

resistance branch can be ignored, the equivalent circuit can be represehigar&$3.

Setup

C ESE

C upper di

C lower di

Figure 33: High frequency equivalent circuit representation of DEP chips accounting fothe

stray and ESEcapacitances present

Using this equivalent circuit it is easy to explain why the high frequency respbtise air and

water systems is the same despite the large difference in relative permifthdtyimpedance

responsef a system represented Bigure33 is indisinguishable from the respse of a system

representedy a simple RC circuit such ddgure 27. This is because the three capacitors in

Figure 33 can be replaced by a single capacitor whose value is the sum of the three individual

elementsSince the measurements represents the sum of all three capacitors if one edsneent h

much higler capacitance timathe other two elements this elementi Wominate the impedance
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signal. Thereforany changgin the two lesser elements will not be represented in the measured
response of the systemo determine a response from the lesser elemeigsréquired to either
increase the capacitance of these elements or to detheasgpacitance of the dominaiment.

With therebeingno way to significantly increase the capacitance of the two lesser elements given
their fixedgeometrythe only vialte option is to reduce tHeSEcapacitane by reducing the chip

area and increasing tisdicon dioxide layer

3.4Reduced Area Chip Characterization

3.4.1Evaluation of Upper Dielectric Response

As long & the frequency is restricted &high enough frequency rama@ simple RC circuit can
be used to fitto the dataas per the discussion in secti8r3.2 Referring back td-igure 33, it is
clear that in this case the capacitance measured experimentally represents the suESE&f the
upper dielectric, and lower dielectric capacitanddwerefore if the measured capacitance of two

differentdielectrics(denoted as dil and diy) measured one could write,

waya =1l |
* measured!" 1 — - I"l -

! e 1 ! I"#$% 11"

n
Ly | ! m |

D ingope Progg e b1 pago e

D inigoegm 1 Piggopgr et = Limgg e * upperi" |
When looking at equation [8] for a parallel plate capacitor one can write,
P

Where,

Gc will be called thegeometric constanand has all the informiain on the geometry of the

system.A similar assumption will be made on the form!ofyg u,, and!! juyg o, for the
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chips. That is to say there is some constant depeodetite geometry of the system, -y |,
that relates th capacitance to the relative permittivity seen below in equations [14] and [15].
!

Progg ey b Vemgg o ! yimegg
Crmgg ey b Lemgg oy Dygegg W17
Therefore,
Prasoser wmo b Viagoegr wy b &g ey bypmgg b Lmgg ey Dy 117
| | lrwswer g b resseer ain |
. !!!""#$ . H- .
Ppogg wer b Vpvgg ey

Therefore if the ESE capacitance can be lowered enough such thao ilonger dominates the

high frequency response one should be able to figure out the capacitance of the upper layer by
measuring the impedance response of the chip under two different dieléatitsthere one can
determine a geometric factor of the eppmlielectric capacitance usimguation[17], and then

calculate the relevant capacitances with equafibfisand[15].

3.4.1.1lmpedance Spectra of Reduced Area Chips for Different Dielectrics

An example of the spectra collected can be seen bel&igure 34, which shows the impedance
response of chip 11/20 to various medde& one can see the high frequency responses are

noticeably different compared to the full electrode spectrum in the peesamtion.
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Figure 34: Chip 11/20 reduce area electrode impedance response showing sensitivity to the

dielectric medium on top of the chip

When looking afFigure34 one can see that the two DMSO runs do not line up with one another

as expectedJpon closer inspection of the phamegle behavior at high frequenciesie can see

that indeed durig one of the runs there waignificant deviatiorfrom the expected RC behavior,

as seen ifrigure35.
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Figure 35: Anomalies in
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impedance response observed in 00° Hz region for reducedarea

electrodes of chip 11/20
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In Figure 35 the phase angle of the first DMSO run starts off very low in comparison with the
other 3 runs and does not change sigaiitly over the frequency range depictédis behavior is
uncharacteristic of even the complete model presentdeigre 32, as it cannot explain the
constant phaselement behavior see8ince this anomaly cannot be explained and the chip does
behave as expected on the subsequent run, spectra such as this were lign@sdelt that
ignoring these anomalies couteé justifed becaus¢his anomalous behavior wageaasthis was

one of only twocases where such behavior was seen (also seen in water run 1 of chipdrid14)

could indicate contamination of some sort

Upon inspection oFigure35 one may say that representing this truncated portion of the spectrum
with a simple RC circuit is not validzor a real RC circuit one would expect the high frequency
impedance to be dominated by the resistance and the lower frequencyirtgéa be dominated

by the capacitorSuch behaviowould mean at high frequencies the phasgleamwould tend to

zero while forlow frequencieghe phase angle would approa®® j. This type of behavior can

only truly be seen for air which starts offarbund-87 j and then approaches and stayso&t;.

For DMSO and water the phase angle bedavger and starts to rise as expectegdgt then begins

to decreasagain more so for water #m for DMSO.This decrease in the phase aniglbecause

the solution resistanedouble layer branch depicted Figure 32 begins to contribute to the
impedance spectrdherefore it $ true that the RC assumpitithat is being made is not rigorously
valid. However, the reason for using a simple RC circuit to fit a truncated portion of the data
instead of using a more complete modat data seis that the solution resistance and double
layer capacitance aterdto control. Thereforethey carhave significant changes from one run to
another due to small sources of contamina®edsequent fitting of a complete model can cause
the high frequency capacitance to be altered to provide a better overall fit of thd ldatéit
however does not fit the high frequency impedance data as well as if only a simple RC circuit was

used.
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3.4.1.2Reduced Area Chipielectric Response

The measured capacitance in air was always usedhasuiz and then either the measured
capacitase of DMSO or water was usedeéquation [¥] to determine the geometraonstantsn
each case, denoted as(@MSO) and G(water) respectivelyThese results, as well as the

resulting upper dielectric capacitances, can be se€alile5.

Table 5: Comparison of DMSO and water high frequency capacitance estimates

! Gi(DMSO) Gi(water) | 7(8(-$9(/-&' | 7(8(-$9(/-&! @ (9%F!

(F)! (F)! OPQ"! RN"! RN"EOPQ!
(F) (k)

7,$81>>EL > 2> M:Ng>Z"h SL1#>Z < >H>Z >:11!

7,$81>>E >:2|#>77 L;L2#>27h SMI#SZ < 2:#>7"1 > |

7,$81>>E>: M:L#>2"h L:i<>2"h sl #>2N <224>77"1 AN

7,$8!>>E>M L;J: #>27h M:N2>2"h >1#>2 <IJ#>2" >:<d

7,$8!>>EN2 M:: 1 #>27h L;Mi>2"h SIN#S2 <>M>Z'I >: 1M

The first thing to note is that the geometanstantsn Table5 for DMSO and water are not the
same.This discrepncyalso shows itself when comparing the ratio of water/DMSO capacitance
were the average is 1.33ut the actual ratio should be 1.Ghese differencecould be attributed

to the fact that the assumptions that are being made argaaiuslyvalid as was seen before.
While the error infitting the capacitance element for aas relatively low at around @4 the

error in fiting the equivalent capacitance for DMSO or watess usually in the 1:2% range.

This erroris very significant as evewhen reducing the area of the chips as much as possible the
water capacitances presented Tiable 5 only represent 103% of the overall capacitance.
Ignoring othersources of experimental error such as the variance of the capacitance between
different runs, this factor alone would mean that the geommiristantcalculated inTable5 are

at best accurate within 10%. Other experimental factors also come into play such as the well
used to make sure the same area of the chip was covered for all Afeeiaeach run the well

was rinsed vigorouslwith DI water and then blown ditp prevent water from evaporating within

the well and leaving behind residukhe problem with thisnethodis, with repeated use the well
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would start to show minor signs of detachment from the chips surface on the inside of the well.
While generally onlyminor detachment was seen, the extent to which this occurred depended on
the well, and somesells held up better then othersgain, theassumption thahe medium covers

the same area of the chip every tish®es not always hold valid as the area covereoh fone

media to the next could have changéth detachment of the welinpacting the results.

While these limitations prevent one from drawing a definitive conclusion about the dielectric
responseit is felt that these reduced area electratteshow gidence that the circuit depicted in
Figure 33 is representative of the physical elements of this sysiéiith the reduced area
electrodes there is evidence that thelectric medium on the top of the chip does play a role in
the high frequency impedance spectra of the ddigow it is possible to determine if collecting

particles at the center of this chip will have an affect on tHeati&c capacitance of the chip

3.5 Dielectric Capacitance Measurements of Trapped Model Particles

As was stated before thelgstyrene model particles thate captured at the center of the chip
have a relative permittivity that is much lowerththat of water If the center of the chip
contributes thenajority to thishigh frequencydielectric responseéhen the difference before and
after capture should be similar to the difference betwkeewater and aispectra ofFigure34. If
this scenariois true then there maye a chance that thimethodcan be use to detect viral

particlestrapped at the center of the chip.

An example of ie fluorescenceeen aftecaptureusing SC 10 chipis seen below irfrigure 36.

There issignificant fluorescence coming from the center of the chip as well as along the electrode
arms thatindicatesthat particles havéeen captured in these areas. It should be noted that the
fluorescence can be seen to decrease after sonication and the capture preségted 36 is

pre-sonication whichcoincide withthe impedance measurements
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Figure 36:. Fluorescence at the center indicating capture of 218m fluorescent particles
such as was seen for chips 11/2 and 11/4

While there were areas ofgsificant fluorescence for the SC 10 chip® such capture was
observed for the other chipkistead a slight green fluorescence was seen over the entire chip
which was much less intenseaththat observed at the center of the electrodésguare 36. The

same fluorescencimtensity can be seen in the SC 10 chips the surrounding areas where one
would not expect any enhanced concentration of particles and most léqmlgsents natural
diffusion of particles towards the surface of the chipis fluorescence is so low that it cannot be

imaged with the flarescent lamp available and mudmot all, is gone after sonication.

If particle capture did influence thepedance of the system one would expect to see a greater
change for the SC 10 chips as fluorescence indiGaigreater number of particlehe results
presented irfable 6 do not show any significant difference in the high frequency capacitance
before and after captur@he error in fitting the capacitances presented able 6 is around
1.0x10™ F and the largest change in capacitance is an order of magnitude less th&ndttier

thing to note is that the largest change in capacitance is in the wrong direction as the capacitance
increased after capturia light of the datgoresented ifTable6 the collection of particles does not
significantly impact the impedance of the chijnese resultsneans with the current form of the

DEP chip, delectric measurements would not prove a viable signal transduction strategy.
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Table 6: Comparison of high frequency capacitance estimate before and after capture

! R?!7(8(-$9(/-& | R?17(8(-$9(/-& | @&%U-9%$F/19
S&TF*&IT@I&| 4TI&*I7(®F& | 7(8(-$9(/-&!
A?2C A?2C A?2C
7,$8!>>EN JMM2u0TN| <;223x%10°N =:11x107"!
7,$8!1>>Et J:iN2x10°N| J:NI2x107N >:MR107'!
7,$8!>>Ek M:2L:x10°N | M;>2Nd1o™N =:LI1x107'!
7,$8>>E3L | <>L>Ik10TN|  <>L>xAoN N:1x10™
7,$8!>>EN>|  J.LNNg10°N|  J:L>Lx10™N ::22x1071

* Error in fitting capacitances is around 210 F

While detection at high frequency is not possible with these chips one may argue that this is
because thdeSE capacitance is still too highJsing the data presented Table 5 one can
calculate that the upper dielectric capacitance is orl§3P@ over the overall capacitance when
water is used as the mediumh.may be that detectio is not possible because the dielectric
capacitance only changes by a fpercent, whichis insignificant in terms of the overall high
frequency capacitancé&ssuming theESE capacitance can be removed (i.e. by using glass as a
substrate) the question i@ww much does the center of the electrodes contribute to the overall
dielectric response of the chi@ne way to probe this question is to calculate the electrode

capacitance using FEM computer software.
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Chapter 4

COMSOL Simulations of Dielectric Capacitance Changes

4.1 Generalized Theory of Capacitance

A more general approach to capacitance is netdletbve forward at this poirguch as the one
presentedoy Sclwartz (1972)(the following discussion pertains to this approadh)a more

general sense, the capacitance can be defined as the charge induced on conductor i by conductor |,
which is at a voltage of VThis capacitance will be denoted ag b a system of n conductors

each conductor will induce a charge on conductdependent on its voltage (the dependence
being its capacitancend the total charge on conductor i will be the sum of these individual
contributionsThis relationship is highlighted in equatior8[1

! Z!!..!!m!" !

jit
For the DEP chips n=4, trefore the total charge on conductor 1 is,
!

L R T R P O R (P IR

With the conductors being numbered as showkrignire37,

il
1

Figure 37: Electrode numbering.
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However, when measuring the impedance it is the current that is of interest not the total charge on
the conductorAssuming all other conductors are held at a constant potential and conductor 3 is

used to probe the system with a sinusoidal voltage wave, the current through conductor 1 is,

L) gl

I AT TITEN

Therefore if all other bodies are held at a comdtpotential (i.e. grounded), and the conductor
opposite to the one of interest is used to probe the system, then the only relevant capacitance is
Cis.However, as one can see from the experimental proceditks previous chaptethe leads

were only conected to opposite electrodes while the other two adjacent electrodes were left free.
This connection configuratiomeans there is nothing ensuring that the voltage of the adjacent
electrodes remains constant, and as they are insulated from the silicochtrge is constant
throughout the experimentherefore the derivatives of,\and V, are not zero in this case and

this system cannot be simplified to equati®8][ Using the original relation presentedeiguation

[18], ard denoting the variables thahange with time appropriatelyhe system can now be

ot |

PR TRy

e gy le Dy Hl 10
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Again the interest is in the current response, so differentiation with respisetgields,

written as follows,
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Because of the symmetry of the system the capacitance coefficient matrix can be reduce to,

Ehy Dy Dby b g

IR IONERTRO)
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Therefore from the second row,

" g (1) | L ")
At Tigg ! L dt

Therefore from the first row,

" e (£) " (1)
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e MO, O
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The current through conductor one for this case is also dependent ealftbapacitanceand
adjacent capacitance factotssing equationg19] and[20] the impedancef each situation can

be determinedrom the definition of impedanc&he only information needed now is the values
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for the capacitance coefficients and how they change wheaithparticle collectionThe answer

of how to determine these coefficiertsn again be found in Schwartz M9{2. While it is easy

to generalize to n conductoreguation [18]is again used to create a matrix of capacitance
coefficients for ad-condudor system to illustrate the approach that will be taken to determine the

capacitance coefficientés before usingquation [18)ields,

My T T R N Y
NI I TR T TR AT N
0 T I R I

If all other conductorgxcept 1 are grounded so that their potential is zero, the potential vector is,

Il

I

Therefore,

Under these circumstances,

Thereforgto determine the capacitanceefficients thatelate the charge on all other conductors

to the voltage applied to conductor 1, one need only ground all other conductors and then measure

the charge on eadonductorAlso it can beshown that ¢=C;i (Schwartz M. 1972, which means
that all capacitance coefficients needed to determine the charge on conductor i, Ce, Cy3,

and G,) can be calculated as showreiquation 21]-[24].

| |
Ly 1 Dgg L[ ] MO L G gy 1 [22]
| |
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Determining how these capacitance coefficiaftangeafter the collection of dielectric particles
will determine the feasibility of highréquency impedance measurements as a signal transduction

scheme, and this was accomplished through COMSOL simulations.

4.2 Methods

4.2.1Simulation Geometry

COMSOL @urlington, MA, US) was used to simulate a small area at the center of the chip to
determine the capacitance coefficients expressestjirations 21]-[24]. The SC10 chip design

was the only geometry used as this was the only chip that was able to capture a significant numbe
of particles during experimentThe geometric model created in COMSOL can be seen below in

Figure38.

50 |

o100

-50

-100

100

Figure 38: Domain of DEP chip usedior COMSOL simulations (axes scale are presented in

Im) .
As was outlined in the previous sectiptise high frequency impedance response of the current

chips is dictated by a parallel plate type capacitance between the electrodes and the silicon wafer.
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Thereforg the large cylindricaldomain below the eleades has a relative permittivity df7 to
simulate glass, aglass would be the next choice of substrate to be used now that silicon has been
ruled out.This domain extends for 6@n and has a diameteof 300!m. The largecylindrical
domain above has the same dimensions and has a relative permittivity of 80 to simulatatwater.
the very center of the chip is a circular domain with a height offd.2nd a diameter of 9.7m.

Capture is simulated bghanging the relative permittivity of this domain, where the before and
after capture simulations are done with a relative permittivity of 80 and 2.4, respectively.
Figure38one can also see two smaller cylindridamains thaextend 5m above and below the
center planeThese domains have the same dielectric properties of the larger domains they are
contained within and are only there to allow finer meshing thiregbove and below the
electrodesThe electrodes have a height of M2 and have the same geometry as the current

SC10 chip designs.

4.2.2The Electrostatic Problem and Determination of Charge on Electrodes

Since this is an electrostatic problem COMSOL solfeeghe electric displacement within each
domain.As there is no charge within each domain the appropriate é6rGaussOs law within

each domainis,

After the electrostatic problem is solved and the electric potential is known the charge on each

conductor can be simply determined using the integral form of GaussOs.Jaw, i.e

NN R p——

The reason the electrical displacement form of GaussOs law is used as opposed to the electric field
form is because the only charge of e is that which flows through the conductotegrating
the electric field would also include the boutttarges thatorrespond to the reorientation of the

dielectric within the field.
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4.2.3Boundary Conditions

The potential of every surface of 3 conductwese specified at 0 V, while the potential of every
surface on the remaining conductor (which will be denoted as conductor 3) was specified as 1V.
Finally the remaining boundarieshich represented the end of the systemre set to have zero

charge densy.

4.2.4Meshing

The meshing for the cylindricadomain extending 5 !'m into the water domaihas 372292
elements with an average element quality of 0.7398, and a minimum element quality of 0.02212.
The meshing for the cylindricadlomain extending5 !'m into the glass domainhas 267100
elements with an average element quality of 0.2765 and a minimum element quality of 0.006273.
The remaining cylindrical domains have a combined 475285 elements with an average element
quality of 0.8046 and a minimum element qualify0.2804 Therefore, the mesh consists of a

total of 1114677 elements. It is clear that the 5 Im glass domain has poor meshing characteristics
compared to the other domains; however, this could not be remedied with the current computer as
any additional rashing caused issues with processing time. This issue means that no meshing
studies were preformed to ensure that the solution was mesh independent. However, it should be
noted that when the mesh density was increase from a total of 900 000 elememnisutoeiit

density (density was increased in the 5 !Im domains) the capacitances calculated were consistent
to onedecimal placeTherefore, thecurrent studied can be used as an illustrative example but
may not be rigorously validThese simulations shoultk used as starting point to redesign the
geometry for better detection characteristarsd then these ideas tested using this framework and

morerigorous simulations.

4 3 Results and Discussion

The simulation tookaround 600G to solve using a MacBook with 2.4GHz Intel Core 2 Duo

processor and &B of RAM. The resulting electrical potential distribution for the no dielectric
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capture case can be seen belowFigure 39. It should be noted that the no dielectric and
dielectric cases are visually indistinguishable from one anoffmrget a better look at the
solution two cut planes were created which corresponded to tdaywe (a vertical slice through
the middle of ctrodes 1 and 3 dfigure39 (a)) and the xyplane(a horizontal slice at the base

of all electrodes)The solution on these planes is presentdeignre39 (b) & (c), respectively.

Surf?ie: EIWHM:I [3%]
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Surface: Electric potential (V)
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Figure 39: Solutions to the Laplace equation depicting the potential distribution fothe (a)
whole domain, (b) yzplane through center of excitation and sense electrodes, (c)}glane at
the base of all electrodegaxes scale are presented in !Im, colorbar in \/)

The potential distribution ifrigure 39 (b) is smooth as one would expect and devoidany
anomalies created by inadequate meshihgwever, the potential distribution around tveder
electrodes irFigure39 (c) does seem to have some issues created by inadequate mé&dding.
more meshing nodes can easily solve this proplemwever doing so to any significant degree
near the electrodes provesmputationally infeasible for the current comput€hese issues
dissipate quickly above and below the electrodes and are not noticéablgbbve or below the
electrodesAlso since these areas are far away from the center of the electrode theyl&edynot
to impact he overall conclusions drawn frothese simulationg he reason these areas are not as
important isbecause the potential in these areas isigoificantlyaffected by the dielectric at the
center of the chip, and therefore will caneat when determining the change in capacitance.
From these solution sets the surfacergbalensity was integrated over the electrode surface area
to obtain he overall chargeSince 1V was used in these simulations the capacitance will have the
same numecal value as the overall charge on the electrdties data is presented Trable7 for

the three capacitance values of interest.
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Table 7: Capacitance for a center dielectric relative permittivity of 80 (before capture) and

2.4 (after capture)

Csert (F) Copp (F) Cadj (F)
Before Capture -4.574x10° 5.946x10'° 1.991x10"
After Capture -4.571x10° 5.937x10'° 1.981x10"
Difference -3x10™" 9x10™ 1x10%

It should be noted that if the whole chip geometry was simulated the capacitance values presented
in Table7 would be largerHowever againasthese areas are further from the center, the change

in capacitanceafter capture should not be significantly influencéiibte that all the changés
capacitancesre belowthe one decimal place of the relevant capacitance alernowever, for
illustrative purposes it is adveageousto overlookthat this solution may not be completely
rigorous infavor of developng ideas on a new geometthlat may bemore favorable tevard
impedance signal transduction

Assuming that the conditions that lead @équation 19] are met the change of capacitance
observed would only be 9xI®F. On the other hand if the conditions leading to equa@6hdre
imposed the change in capacitanc&i$0"’ F, which is a22-fold increaseThe reason that the
capacitance is smuch higher in the second case is because electrode 3 is being used to also
induce a voltage change on the two adjacent electrddiese adjacent electrodes then indace
charge on conductor numberahd both of these induction steps are sensitive tocémter
dielectric. Hence, onegets a compounded effect from a change in the center dielgethich

gives a22-fold increase in the change of the capacitance, even though the same two electrodes are
used to measure the capacitarideis change in capaaitce is also 70% greatemathwhat would

be seen if all 3 other electrodes were used to excite thensysith the same voltage signal. Even

with these synergistic affeta change in capacitance of 4Xi® is extremely small and the
Solartron 1296 dielctric interface is only able @ccuratelymeasure capacitances down to Ix10

12 E. Therefore it is safe to concludeathusing the current electrode design and assuming
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complete capture at the center of the chip, high frequency impedance measuremehtsotvbel

a suitable signal transduction method.

One may propose to increase the signal by connecting many individual chips into an array such as
the one depicted ifrigure 40. Only the narrower 10m wide electrode arms were kept, and it
was assumed that this does not have a significant effect on the change in capdoitathee
reasons stated befor@/ith this configuration an individual unit in the array would take
approximately 4x18 m? By making parallel connections the overall capacitance of the system
would simply be the sum of the individual capacitanées. this scenaridhe overall change in
capacitance is just the sum of each individual changerefore, assuming the conditions of
equation [20]to bring the change in capacitance within the lower bounds of what is detectable
using the Solartron 1296 dielectric interface (1pF) one would need 10,000 individualThists.

would amount to an arrayith an area of around 7.

Figure 40: DEP array for increased capacitance change response
4.3.1Implications for Viral Capture
The above discussion tries to infer if detection will be possible foomogeneougolystyrene
particlecapture however the behavior of viral particles is markedly different from these particles
as wasdiscussed in sectioB.5. Thelow suspending medium conductivity mixture simulation

presented in figures 12 and 14 of section 1.6 can be redone usingle pEteter of 200m to
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get an idea of how this system would reathe mixture relative permittivity and medium

conductivity are seen iRigure41 andFigure4?2, respectively.
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Figure 41. Simulation of mixture relative permittivity response for 200nm shelled particles
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Figure 42: Simulation of mixture conductivity response from for 200nm shelled particles
As seen inFigure 41, the relative permittivity of the Oviral®ixture is much dwer than the
Obacterial@se. The reason for this can be found with reference to the induced dipole equation in
chapter 1, which shows a cubed radius proportionality. Therefore these dipoles are smaller and
their contribution to the overall polarizatiaf the mediums smaller as reflected in thealue of
the relative permitivity. The implications of the smaller viral dipoles with regaid the

COMSOL simulations are that the chasgeen for the viral particles will be even lesantithat
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seen for thepolystyrene caseGranted one must take this argument with a grain of salt as the
concentration of virus particles at the center of the chip should far exceed thatldickor the

valid use of the induced dipole equatidrhat is to sayhe inducd dipoles mightinteract with

one another as to increase the overall polarizatidrich was not accounted for igure4l. The
polystyrene relative permittivity howevds, 40 times lower thn that of the suspending medium

and one would expect that an equivalent increase is needed from the captured particles to
maintain the changes in capacitances seen in the simulations.

Figure42 pertains to the conductivity increase of the system and in this case the two examples are
comparableWhile the COMSOL simulations do not take into account the medium conductivity
they can baised to get a qualitag view as to how viral captuend its accmpanying affect on
conductivitywill influence conduction through the medium. The relative magnitude of the electric

field vectors are presented belowHigure43.
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Figure 43: Electric field in the yz-plane near the center of the chip(Arrow lengths are
proportional to the electric field strength, axis in microns gold rectandes represent
electrodes (electrodes are not drawn to scale)

72



Since the arrows are proportional to the electric field vector in this plledact that the left
portion of Figure43is barren does not mean there is no electric field here. It only means that the
field is relatively weak in this region compared to the maxinwhich occurs at the closest point
of the adjacent electrodes. The electric field and the current density are related through OhmOs law
(equation 25]) (Griffiths D. J. 1999.

=11
The termJ, which represents the electric current density (3,1is related to the electric field by
the conductivity of the systenThe interesting thing to note froffigure 43 is that the relative
strength of the electric fieldtaaround10-12 !'m above the elewodes becomes negligible.
According toequation [2} this means tha& significant conduction current passes beldls
region. Thisstrong conduction regiotioes not mean that the sum of contributions from the rest of
the system is minimal, just that the fluxes near the center are going to be much hagher th
elsewhere. This significant conduction area is much larger in sapetliat of a viral particle
which is generally characterized by submicron dimensions. Theraf®tnds to reason that the
capture of a monolayer of viral particles will only protrude a couple hundred nanometers above
the xy-plane, and not have a significant influence on the conduction currehis significant
conduction region
Returning to thevork done by Suehiro et al. for interdigitated and castle wall electrodes one can
see an interesting implication for this strong conduction redibe interelectrode gaps in these
systems wre always comparable to the cell dimensions being capturedefiined interdigitated
electrode design had a gap equal to that okthgle cell diameter (Suehiro et al. 200F)or the
castle wall designs, thegions of high field strength wehe cells are captured are located at the
smallest electrode gap. The &t point between two opposigdectrodesvasabout3 'm, and
the cells collected had a radius ofrit (Suehiro et al. 2006). The interesting implication being
that in these cases of successful detectiva cell and electrode gajmension are very sinat.

Hence,if a 10!m cell was capture at the center of the DEP chip it would greatly affect the high
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conduction region depicted Figure 43. Another case where suehconclusion can be found is

the work done byan Gerwen et al. (1998yho analytically solved the Laplace equation for an
interdigitated electrode array with finger widths and gap distances oh260Through these
calculations they reported that 80 of the current flows through a region 2B5@1 above the
electrode surface. These examples seem to indicate that for an analyte to have a significant impact
on the conduction curreiits dimension would have be similar to, or larger thathe electrode

gap.This condition is obviously nahet withthe current chip designs.

4.4 Conclusionsfor Label Free Impedance Detection

From the work presented in the last two chapters it seemsatietfieeimpedance detectiofi.e.
detection that does not use additionalctiem steps such as those employed by Bardea et al.
(2000)with the current electrode design is not suitable for the detection of viral particles for two
reasons. Firstly, the capacitance that occurs between the electrodes and the silicon completely
domindes the high end of the spectrum. Work to reduce this capacitance by greatly reducing the
electrode area and increasing the insulating layer thickness faileducerit significantly enough

and t still dominated over the dielectric contributions to i@ece. Secondlsimulations of the

current DEP chip design indicate thaisithot very sensitive tche capture of small analyt€Bhe

solution to both these problems is to change the fabricatiocegdureand design of the chip;
however as this is noeasily implemented at this tima additionalreactionschemawvas explored

for use with he current chip design.
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Chapter 5
Considerations ofAdditional Reaction Schemedor Impedance

Detection

5.1 Introdu ction to the Conductiometric Reaction Schemand the UreaseUrea

System

The change inmedium conductivityseen insection2.1 is brought about by taking neanic
species and metabolizing them such that thmducts are ionic.Theoretically then,
conductiomeaic detection should be possible if by some means the trapped particles can be
bestowed with the ability to do exactly th&t. bacteriathe degradation of neionic specieds
accomplished though the ueéenzymessoit seems only natural to try and extend timsthod

for use in the current systerfhat is tosay,use an enzymsubstrate system to bestow trapped
viral particles with the ability to change the conductivity of the surrounding medium.
Funcionalizing the enzyme with another antibody and introducing it to the system after the initial
capture process would accomplish this scheftgs sandwich type ELISA technique outlined

below inFigure44.
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Figure 44: Proposed conductiometric reaction schem@MP represent the model particles)

First, a sample with a certain analyte load is placed on the antibody functionalized chip and
particles are trapped using negative DEP aBigure 44(a). The sample is then rinsed from the
center of the chip and the functionalized enzyme solution is introd&apee44(b). Finally, the

center is thoroughly washed and a substrate solution is placed on the center of the chip and the
impedance is recorded as a function of tiffigure44(c). If the target analyte has been captured

from the solution in the first step then the enzyoejugated antibody will bind to the particles

on the chip. These functionalized, bound particles wilinttcatalyze the degradation of a
substrate, which will cause the conductivity of the solution to change, which in turn will cause a
change in the impedance of the system.

The enzyme urease was chosen for this purpose for two red$mnérst is that theireaseurea

system is very well charamized as evident by the many tbhogh reviews on ureas®i¢bley H.
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L. T. & Hausinger R. P. 1989, Qin & Cabral J. M. S. 2002, Krajewska B. 200@ne of the
advantages olusing ureasés that there ar@ublished kietic studies available (Wall M. &
Laidler K. J. 1953, Qin Y&Cabral J. M. S. 1994) for the modeling this reactidnother
advantage is that the ureas®a system produces a significant increase in conductemsas
other such enzymes (Lawrence A.& Moores G. R. 197). The overall reaction for he
decomposition of urea by urease gives two equivalents of ammonia and one of carboiiiceacid.
overall reaction proceeds as followddbley H. L. T.& Hausinger R. P. 1989).

Overall Reaction

1"#$%#
S O T iy Iy B I U TTTC

1) Degradation of urea to carbamate and ammonia by urease

1"#$%#
T T T A R A S R A A A S 1IN
2) Auto-Hydrolysis of carbamate
ey rm e m2gl
With the importanequilibrium conditions,
N O T AT O T M 11 R B T ]|
oo T O e N R 11T LR B BV o)
N T O R 1 A A TR [
I"H$%' | IMHS L L I e 1N [32)]
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The interplay ktween the equilibai above will determine the magnitude of the conductance
change observedf. the system is at a pH aroundtfie prevalent ionic species will be ammonium
and TrisH andthese species will be responsible for the majoritthefsolution conductivityAs

the pH rises, the proportion of ammonium and Triswill begin to decreasebut the
concentrations of HCQand CQ? will increase The final change in conductivity is therefore due

to the complexintemplay between theequilibriums and the mobilitiesf the important ionic
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speciesThis equilibrium will be modeled by solving for & 6rder polynomiaglwhich is derived

in manner aka to the development in Stewarto@9) for modern quantitative acid base chemistry.
Thereare ®meimportantconsiderations that have to be taken into account wkergenzymes

to increase the conductivity of a systérhe most important of which is that enzyme are sensitive
to changes in pH and therefore buffers @ftenemployed to maintaithe pH of the system at an
optimal level (Lawrence A. J. Mloores G. R. 192). The implication of using buffers that the
buffers employed to control the plithve an influence othe initial conductivity of themedium,
which will decrease théletection hireshold. This decrease in sensitivigypecause if there is only

a small amount of enzyme present to catalyze the reaction then it willotadeerto produce a
significant changé the background conductivity is high

The number of particles collectedt the center constitutes very small molar concentration,
which means the concentration of functionalized ureaiealsd be small. To deteeiny change

in medium conductivity from the background conductivity might therefore be very difficult, Also
since the current DEP chips are rsalif-containedmicrofluidic systemsit would be very hard to
completely prevent evaporatioh.is prudent then to develop a model and then use this to infer
the feasibility of conductivity changes as a signal transductieans. This model can then be
validated using higher biotinylatattease concentrations where contaminates and other issues are

notsignificant problems.

5.2 Materials and Methods

All water used in these experamts was filtered using a Millgpge Synergy unjtand will
henceforthbe referred to as MP watefhe Urea 98% (U537800g), and Trisuffer 99.9%
(1545631009g) used in these experiments was purchased from Sigma Aldrich (Oakville ON,

Canada)l mL of 2.5mg/mL lotinylatedurease was purchased from GeneTex (Irving CA, USA).
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5.2.1Biotinylated-Urease Conductivity Experiments

A 0.1 M urea solution was prepared in a 250 Erlermeyer flask by dissolving 1.2 of urea

into 200mL of MP water.To this 24.4mg or 244mg of Tris-buffer was added to the flask
depending on whether the desired buffer concentration was 1mM or 10mM, respedtnisly.
solution was then pippetted into 8L scintillation vials using a inL pippetter A 0.1 M HCI or
H,SO, solution was then used twing these solutions down to a pH of 8.0 as measured by a pH
meter. For the 1mM solutions only 50' L of 0.1 M H,SO, was neededwhich does not
appreciably change the overall voluriidis however is not the case for theri¥ Tris solutions,

and therefae the simulation results for these solutions hagenbadjusted accordinglythe

solutions where then left for8 days to equilibrate.

A 125! L or 500! L 5x10° M stock urease solution was created before each experiment by
diluting 12! L, or 48! L of the2.5mg/mL stock, respectivelfthis stock solution was then added

to the scintillation vials to create 81, or 10°M solutions.

After the addition of urease the conductivity of the system was recorded every 10 minutes for 3
hours using a CorninBinnacle54* pH/conductivity meter and Corning Laboratory Conductivity
Probe model M542The conductivity meter was calibrated using an 8.4mS/m KCI solution before

each experimental run.

5.2.2Modeling the Kinetics of a UreaseUrea System

A basic model was created usiMatlab (Natick, MA, US) to predict the conductivity change of

the system under varying conductions, which then can be used to used to infer the feasibility of
the reaction scheme presented in sectidhas a signal transduction methddhe model was
creded using the MichaelMenten equation modified to include product inhibition affects,
which can be seen in equatif34] (Krajewska B. 200Q

| |
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Where,
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Since there is no literature on the kinetics of biotinylateghse the value of thé,,x was based

on estimating the specific activity of the enzymeéhich can vary from 9.27 180000!mol urea
catalyzed mift mg ureasé depending on the source of the ureddelfley H. L. T.&Hausnger

R. P. 1989). The biotinylategrease that is commercially available is usually obtained from jack
beans The range of activity for jack bean urease is-23600 !mol urea catalged min® mg
ureas& (Qin Y. & Cabral J. M. S. 2002, Krajewska B. 2009), and one is able to buy urease from
jack beans from Sigmaldrich with activities ranging from 0.5 400 !mol urea catalyzed min

mg urease.

The literature shows a consensusrimgeof the MichaelisMenten constant which is 2.5M - 4

mM, however there are many different possible values for the product inhibition cofs$tant.
product inhibition constants carary over almost three orders of magnitufdem Wall M. C.
&Laidler K. (1953)who gives a value of 428 ™ reported for a TRI$H,SO, buffer, to32M™Qin

Y. & Cabral M. S(1994) for a buffer free system. range of 8.5 500 M* waspresented in the
review by Karjewski B. (2009)Sinceit is not possible at this time to determine the inhibition
constant experimentally for thlgotinylatedurease system this is a parameter of the model that

was changed to adequately fit the data.
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A correction polynomial is used to introduce a pH depeoéeon the reaction velocity because
there are conflicting reports on the actual pH optima and degree of dependence of urease in
different buffers.The plots of \hax vs. pH dg however show consistent parabolic behavjor

thereforethe appropriate form dhe polynomial is seen in equatif3b].

Lo b 11 [35]

Based on data in the literature the coefficients cdre chosen such that is 100% at the pH

optima, and X% at dx above and below the optiF@. example, if maximum velocity oceed

at a pH of 7.2 the value of there would be 1, and then if it dropped to%%t a pH of 6.4& 8

the value of gwould be 0.75With this information and equatior8j the wefficients of the
correction polynomial can be solved for algebraicallyis way the pH dependence of the model

can easily be changed depending on the reference used since again it is not possible at this time
determine them experimentally

Using equation[34] the generation and consumption terms can easily be determine and are
presented in equation3q]-[38].

L [H$ ]

P
— 1 e

These equations eve simply solved by breaking down the system iptinte stepsEquations
[36]-[38] wereevaluated in an interval *t using the concentration values from the previous time
step, and this differential generation or consumpti@sthen added to that of the previous time
steps to give an overall generation at time step t

At time step t a simpe mass balance around ammonia, carbonic acid, and Tris generates 3

equations, 39]-[40], which together with the equilibriums conditions iA9]-[33], and tke
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electroneutrality equation, [#2can be used to solve the equilibrium of the systequation {3]
is the result of the algebraic manipulation of these equations.
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Equations 29]-[32] were rearranged for the naoonic species using the pkform of the
equilibrium equation. This rearrangemeastdone because the coefficients found using thg pK
method are too small and therefore the system has numericaletraien solving. The
polynomial in equation43] was solved in Matlab using the fzero algorithm, and the previous
hydroxide ion concentr@n as thenitial guess.lt should be noted that only one of the roots of
equation 43] prove to bepositive and thexforethis root is the only physically relevant answer.
After the hydroxide ion concentration is determined at time giefsta simple matter toalculate

the concentration of the remaining species by algebraic mlatign of equations B-[32] &
[39]-[41].

Once the concentration profile is solved it is a very easy manner to convert this to a conductivity
change based on the ionic mobiligard A. J. and Faulkner L. R. 2001ysaming that there are
no ionic interactions amagnthe species, which isue only at low enough dilution.The
conductivity for a general system can be calculated as fol{@asd A. J. and Faulkner L. R.

2001)

11 Z! L]0, 11441

Where the sum is taken over all ionic species present and,

LI I HS061& (&) 14 I stem! (I'—)l
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Therefore for this system at time s,
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* This mobility was not found in the literature and was estimated based on the mobility of a

sodium ion given that the two have a similar ionic raditisriey I. 1986. Note there is other
literature that has the mobility of Tris at 2195 ' :T (Pospichal J. et al.989) which would

affectthe estimates of the unknown parameteThis difference however does not completely

explain the discrepancsein the data that will be seen given the idealities assumed.

N T A S ”W

**A similar argument is made for equating the mobilities of HC&nd CQ?% as it is assumed that
there isnOt a significant difference in their ionic radii.

The term ¢ is the initial constant conductivity that represents the inherent conductivity of the
water plus the conductivity of angns thatcontaminate the systernfihe contaminating ions can
come from the acid used to adjust the buffer to the correct pH, contempr@sent in the urea
from manufacturing, and other unanticipated sourdesumingthese ions are natffectedby the

reaction or equilibriumthis term should always be constant.
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5.2.3Estimating Unknown Parameters

When estimating the unknown parametersfitgt step was to select a characteristic polynomial

to match published literature data. With this characteristic polynomial set the two remaining
parameters were varied until a good fit was found for the data of runs 2 and 3. The maximum
velocity was vaed by altering the enzyme activity paramedely within the published literature
values for jack bean urease 28 - 3500 !mol urea catalyzed mifi mg ureasé. The inhibition
constant was alsonly varied within the published literature values8os - 500 M. After a good

fit was found for runs 2 and Bése parameters were used to simulate the experimental conditions
of the remaininguns and the fit examined. This fitting was repeated until it was felt that the best
parameter estimates of the reactiwelocity and inhibition constant were found for a certain
characteristic polynomial. The maximum velocity and inhibition constant estimation process was
then restarted using another characteristic polynomial. The two cases were then compared against
one aother to determine which one was a better fit to the experimental data over all conditions.
This whole process was continued until it was felt thatedvant polynomial combination had
been considered and the best estimates seldtstthuld be notethat the fit was assessed based

on visual inspection.

5.3 Comparison of Experimental and Simulation Results

The simudtion results presented here represbatbest scenario encourgdrThat is, since the
model has 3 unknown parameterg.y K, and g, thesimulations presented here represent values
for these parameterthat provide simulation results that are the closest to followihg
experimental dataver the varying conditiondn these simulations ¥ is based on a specific
enzyme activity of 90mo | urea catalyzed mihmg ureasé which is well within the published
values for urease activit); was found to be 57 M which again is well within the published

literature dataThe carection polynomial was based d¢he data published by th@in Y. and
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Cabral M. S (1994)which has anaximum at a pH of 7.2 and droppedapproximately 96% at

pH 6.4& 8. In this case the correction polynomial coefficients can be seeguiation [46

LoD L rgs e e — 1t (46
The experimental andrsulation results for arying experimental conditions can be seen below in
Figure 45-Figure 49. The results presented Figure 45 and Figure 46 all represent the same
experimental conditions; howevehe data presented Figure 46 hasa different initial constant
conductivity value.The reason for the difference in initial conductivity is becahgemedium
used in experimental runs 2 and Figure45 come from the same batch, while the medium used
in run 10 ofFigure 46 is from a different batch. The deviation of initial conductivities likely
comes from the fact that is impossible to make each batch exactly the same due to errors in
weighing out medium componenis Figure 45 and Figure 46 the initial constant conductivity
used tamatch the initial experimentabnductivity was 8nS/m and 5nS/m, respectively. In both
situations the model has good agreement to the experimental data thesfatet they come from

two different medium batches.
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Figure 45: Conductivity increase seen in experimental data and simulation results for 1x£0
M urease in0.1M urea, 1 mM Tris -H,SO, buffer solution, k. = 8mS/m
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Figure 46: Conductivity increase seen in experimental data and simulation results for 1xf0
M urease in0.1M urea, 1 mM Tris -H,SO, buffer solution, kc = 5mS/m

These conditiondhowever show a slight discrepancy with the data when the urease concentration
is increase by an order of magnitude as is presentEdjure 47.The medium used in run 10 of
Figure47 is the same as that used for runs 2 and Bigdire 45 and thereforghe same initial
constant conductivity was used for the simulation presented here. The simulation differs from the

experimental data by 6.5% at 3 hours.
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Figure 47: Conductivity increase seen in experimental data and simulation results for
9.8x10° M urease in0.1M urea, 1 mM Tris -H,SO, buffer solution.
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Figure45-Figure47 represent low initial conductivity system where the amount of buffer used
was kept small.The amount of buffer used was kept Idvecause increasing the initial
conductivity decreasethe sensitivity, howevemrlso means thathe buffering power of the
mediumis reducedHigher buffer concentrations were used &tedmine if the trade offetween
improved kinetics and overall percet change in medium conductivity was justifiednd is
presented irFigure 48 and Figure 49. Both experimental runs 5 and 9 were preformed using
medium form the same batch and the initial constant conductivity used in these simulations was
53 mS/m. For the lower urease concentrations the overall change in conductivity for the low
buffer conductivity runs 2, 3, and 10 are 608%/m, 61.13nS/m, and 62.7&hS/m respectively,
which is not justifiably less then the overall change for the high conductivity run 5 ofn&3r8.

The overall change in conductivity increases by only al33% between the high and low
conductivity buffers while there is a 560% increase in the initial constant conductivity, which
means the percent change in conductivity would be significantly smaller for the higher buffer
concentrationsThe situation is eveworse when comparing the higher urease concentration data
presented ifrigure47 andFigure49 where the overall change conductivity for runs 6 and 9 are
363.17mS/m, and 366.MmS/m respectively.In this scenario there is no gain in the overall

change in conductivity in a three hour period when the higher buffer concentsatised.
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Figure 48: Conductivity increase seen in experimental data and simulation results for
9.7x10" M urease in 0.1M urea, 10mM Tris -H,SO, buffer solution.
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Figure 49: Conductivity increase seenn experimental data and simulation results for
9.5x10° M urease in 0.1M urea, 10mM Tris -H,SO, buffer solution.

The experimental data and simulation show fairly good agreement for the lower urease

concentration presented Figure 48, however there again seems to be deviationFigure 49
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when a larger amount of urease is uskus time the simulations overedict the conductivity

change and the difference between experimental and simulation resultsas 3 hours.

5.4 Model Predictionsfor Capture Conditions

Finally the simulation was used to probe a hypothetical situation based on théypdjmenkins
et al. (2008) where 200m polystyreneoarticles functionalized witNeutravidinwere capture at
the center of a SC10 chip. From this article an estimated 18&lpa were captured in the 1

+ 10!m area between the electrodd¥ased on wells created around the center ofXBE chips
using SU8, and ignoring the fact that the particles are trapped at the center of thieati#pto
effective urease conceations of1x10" - 1x10* M. It should be clear that if the concentration
is lowered 3 4 orders of magnitude compared to the results presentgdune45 andFigure46

no significant changevould occur at the present activityfo this end Figure 50 probes what
urease activity would be necessary for detection at these lower concentratioiddle ground
of 5x10™® M urease was chosen for the simulation and other relevant model pasaaret¢he

same as those for the simulationg-@ure46.
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Figure 50: Estimated conductivity change based on expected capture and varyingease

activities.
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Since the results are presented as the percent change in conductivity it should be noted again that
the initial conductivity of these simulations isn85/m. The linear results presented kigure 50

are as one would expect for such low urease concentration with the final conductivity change after
a period of 3 hours being just ovefd for A = 100, just over 10% for A = 1000, and just under
100% for A =10000.Based on a detection threshold change of &étdrding to thevorst error
presented iMablel of section3.3.2 which is a gross idealization of a detection threshold as this

is associated with the fitting of the data onlghe would detect capture within 2 hours for the

1000 !mol urea catalyzed mil mg ureasé case and in under 30min for 1000®ol urea

catalyzed miit mg urease.

5.5 Discussion

The simulations seem to B®mewhatconsistent with the experimental datewever they are
unable to predict the conductivity behavior over a wide range of conditiansasely One

possibility for this discrepancy could be because the values,gf M,, and g are not correct.
While these simulations represent the besnado encounter, it is very possibieat some
combination providing a better fit was overlook#éds however, unlikely that tB could account

for all the discrepancy seen.

5.5.1Discussion of Model Limitations

The simplistic model presented here was only meant as an attempt to get a very general sense of
what conditions, if any, are required for condac& changes to be used as a signal transduction
method.As such, enzyme behavior that could not be easily quantified from data in the literature,
like the dependence ofilén pH, and the noeideal behavior of electrolytes were ignorddhese

factors mightexplain some of the discrepancy seen above, and one must note that incorporating

these banges could cause significanfitange in the parameters,, Ki, and ¢ quoted earlier.
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5.5.1.1Dependence of kon pH

Since the simulations of lower urease concentrationsisd¢e have fairly good agreement with

the experimental data the cause of the discrepancy could have to do with the product inhibition
constantProduct inhibition would not be very important in the early stages of the reaction or at
lower urease concentrations as there is very little ammonia to inhibie#lcdon, whichwould
explain why the results for the lower urease concentrations are msestentHowever, if the
inhibition constant was depeatt on the pH of the system as is repoigdQin Y. & Cabral M.

S. (1994) thidlependencenight account for the discrepancy seen at higher urease concentrations.
While the inhibition constant can lseen to double when moving from a pH of 7 to a pH of 8 this
dependence was ignored due to the fact that after a pH of 8 the inhibition cohsteit system

does not change significanti@ince the simulation and experimental runs presentédyiure45-
Figure49 are always abr above a pH of 8 it was assumtiat the inhibiton constant would be
independent opH. Also, to be consistent with the data one would expect the opposite behavior
for the dependence of ;Kon pH. This behavior is expectedecause in thehigh urease
concentrationlmM Tris buffer simulations there is velijtle buffer and the pH approaches its
maximum value of around 9.2 very early in the reactibinis coupled with the fact that the
simulations for this scenario underestimate the conductivity change would indicate that the
product inhibition constant i®o high at higher pH value$he high urease concentratid® mM

Tris buffer scenarimn the other handequires longer to approach the maximum of 9.2 but the
simulatiors overestimate the conductivity. This wouldlicate that the inhibition constant ot

low and product inhibition is not strong enough at théyestages for this simulation.

5.5.1.2Heavy Metal Contamination

Another phenomenon that could account for the discrepancy in the results of the high buffer
system is the fact that more buffers used.While there is no literature on the inhibition of

urease by Tris buffer, when the buffer is increased one may also have to consider contaminates
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that are associated with the bufféticro-molar concentrations of Hg, and Pb as well as other
heavy metal ionghibit urease Zhylyak G. A. et al 1995, Volotosky V. et al. 1997, Soldatkin A.

P. et al. 200Pboth of which are contaminates present in the Tris buffer and the sulphuric acid
used to adjust the pRVhile they are only present in ppm quantities the sotal of heavy metal
contamination could be within the miemolar range for the 1M Tris buffer solutionslf this

were the casone could easily assume that the activity urease in tmeMG&olutions is lowered

to find conditions, whiclprovide a be#r match for the data for the given parametéfiile this
contaminationis something one would have to worry about if the buffer concentration was
increased further it is probably not the most likely scenario available to explain the current

deviation.

5.5.1.3Effect of lonic Strength on Equilibrium Constants

For simplicity the dissociation constants quoted for equati@d$[B2] in section5.1 were
assumed to be constaifihis, however is not the case as they are dependent on the ionic strength
of the medium, which is one half the sum of the concentrations of ionic species multiplied by their
respective charge squareg®ince the diszciation constants are reported fofinite dilution (i.e.

zero ionic strength) a low initial conductivity system will be the @dbaspproximation to these
constantsHowever as the conductivity increases, or if the initial conductivity is highbegin

with, the dissociation constants cahow marked deviation from these valu€s.get a general

idea of error introduced into the system by assuming that the dissociation constant are not a
function of the ionic strength one could use the Deldyekel equation to correct for the expected
concentration disassociation constant at a particular ionic strentigiit M. R, 2007) To this

one would first solve for the specific ion activity using the Debiyeckel equation, which is seen

in equation47] (Wright M. R, 2007)
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Equation §7] provides a good estimate of the activities if the ionic strength of the medium is 0.01
mol/L or lower (Wright M. R, 2007).Using the current form of the simulatiors éstimate the

ionic strength of the medium after 3 hours, the maximum ionic strength can vary from 0.0065
mol/L to 0.043mol/L for the conditions represented Figure 45, and Figure 49 respectively.
While the low urease situation presentedrigure45 is always below this limit, one would have

to use another model for the high urease situation such as the extendeedHYekgeequation, as

the DebyeHYckel equation tends to underestimate the activities for ionic strengths above 0.01
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mol/L (Wright M. R, 2007) Usingthe DebyeHYckel equation, and the conditions use&igure
45 to estimate the variation of . from the ideal case of i, for ammoniaone can see from

Figure51that there is a significant difference between the two constants.
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Figure 51: Deviation of ammonia concentrationdissociation constant fromequilibrium
dissociation constant

While Figure51 shows how the actual dissociation constant would vary over the time course of
the reaction one has to keep in mind that the actual deviation would be even gesatenahis
presented hereAs the ionc strength increase so dithe actual disassociation constafhis
causes the equilibrium to shift towards the ionic species in the case of ammonia and Tris which
intern further increases the ionic strength of the medilimerefore one would expect the actual

dissociation constant to vary by more then the 19% depictedjime51.

While this would help explain the deviation from thedel seen ifFigure45 for the high urease,
low buffer situation, it would only make the deviation seerfFigure 49 worse.The problem

however is far fromlinear, as the variations in the dissociation constants would also affect the
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buffering power of the Tris and the final equilibrium pH of the reactidris affectin turn is

likely to have a significant impact on the simulation behavior with the current estimatggyof V

Ki, and ¢, and completely different values may be required to provide an accurate fit to the data.
Without performing further experiments to determine ¢hgarameters indepeently it is hard to
assess how the model fit will be affected by incorporating the ionic strength effect on the
dissociation constant¥he only thing that can ksaid is thatunlike inactivation by heavy metals
deviation in concenation expressed dissociationconstaline does not explain the deviations

seen for the current estimates qf.¥ Ki, and ¢.

5.5.1.4Assumed Ideal Behavior of lonic Conductance

Another large assumption made has to do with the way the conductance is calasiated
knowledge of the molar concentratiorisquation #4] uses ionicmobilities thatare basedn
values of equivalent conductivities extrapolated to infinite diluferd A. J. and Faulkner L. R.,
2002. This equatiomrassumes an idealized behavior w#re values ofmobilities represent the
proportionality between the limiting velocity and the strength of the electric Bzdd(A. J. and
Faulkner L. R., 2002 However at concentrations relevant for this wpthe assumption of ideal
behavior is inexet as there are relaxation and electrophoretic fotlcatsretard the motions of
ions and decrease their mobilities by adding additional drag f¢Wweght M. A. 2007. The
models for correcting the conductance of a solution are generally more empidoasthe one
used to make the conductivity standards for this woekWu Y. C.et al.1989) However, as the
effect of nonideal equilibrium constants is to increase the conductivity andffiaet of nonideal
mobilities is to decrease conductivithe incorporation of these two elements might lead to better
parameter estimates and provide a closer fit to thethataby eliminated the discrepancies seen

before
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5.6 Conclusions

The experimental results depictedRigure 45 through Figure 49 indicate that using urease to
increase the conductivity would not work with the comrahc bought urease as it does not
possess the required activity. Given the expected capture of analyte at the center of the chip
correlates to a vergmall concentratiomf urease, the ureasetivity required would have to be
orders of magnitude above what is commercially available. Assuming that the modeling is
accurate at low concentration where inhibition and-ieal affects are small, one would need an
enzyme activity of the order of maitude of 10,000 !mol urea catalyzed rifimng ureasé or

greater as seen irFigure 50. Given that enzymes generally lose some activity after
functionalization this wuld mean that it is necessary to have greater activaty tthis initially.

The only ureasdound to have such activity is that produced Bbyeaplasma urealyticum

(Krajewska B. 2009), which cannot be bought commerciatig would have to be grown,

purified, and functionalized by the party desiring to use this as a signal transduction.method
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Chapter 6

Conclusion

With the current equipment and chip designs, impedancgrepeopy cannot be used as a signal
transduction methodor particle captureExperimentally the chips show a large parallel plate
type capacitance at higher frequencilsis capacitance is likely due to the fact that the silicon
acts as a conductor so this issue can be addressed by switching over to a glass substrate for
fabricaton. Theoretical considerations for a monolayer of particles at the center of the electrode
array indicate that the impedance of the DEP chips is not sensitive to the dielectric nature of this
layer. From an electrostatic point of view, and using a monergdéized theory of capacitance, a
change in capacitance of 4x10F is seenwhena monolayerwith a relative permittivity of 2.4
replaces water at the center of the chifpis change is orders of magnitude less thentated
capacitance of the chip, and significantly below the detection limit of the current equipment
which is 1x10” F These considerations also only apply to ploéystyrene particles used eisal

particle substitutefor this work. When considering the frespcy dependent dielectric response

of actual virions captured at the center of the chip the dielectric behavior could be much different
depending on the composition of the virion. The change in the relative permittivity at sufficiently
low frequencies mighnot be as great for a monolayer of viral particksswas used for the
simulations At high enough frequencies the differenoerelative permittivity may disappear
altogether. Finally, a monolayer of viral particles only extends a couple hundred narsomet
above the substrate surface. If a strong conduction current region can be inferred from the electric
field strength at the center of the chip, this region would extend approxiniftéty above the
substrate surface. Therefore the monolayer only affactvery small portion of this strong
conduction region andnost likely has a negligibleafluence on the solution resistance in this
region. There is also some indication that tsteong conduction region has a correlation to the
electrode gap distanceh@&oretical considerations and successful detection from other works used

electrode gaps with similar dimensions to the analytmnteirest. These examples may indicate
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that impedance might be possible if the electrode gapraistof the DEP chips is redgtto be

closer to that of the virus being captured

Impedance detection through the use of an ELi&zhnique, which would increase conductivity
through the enzymatic degradation of ungas tried and also ruled ofatr the current DEP chips
Simulation results indicate that for the concentration of particles expected after capture,
commercially available sources of urease will not produce a significant conductivity change.

Urease fromUreaplasma urealyticunmas a much larger activity and maybe able todpce a

significant conductivity change.

6.1 Recommendations

The main recommendation of this work is to alter the chip designs and fabrioaienalsto

address some of the issubrought up in Chapters 3 and 4. Clipsuld be fabricated on a glass
substrate to eliminate the ESE capacitance seen from the silicon. Glass would also be beneficial in
moving towards a sealed microfluidic system to prev@rdporation, whichs desirable for
measurements that are sensitive to the ionic strength of the medahras theonductiometric

method describeth Chapter 5The electrode areaf these chipshould also be reduced limit

stray capacitance from the rest of the chip. Findby,label free detectionthe electrode gap
distance should be reduced asrently it is almost 2 orders of magnitude larger then the desired
analyteand these systems maybe more sensitive to capture if the gap distance and analyte size are
of comparable magnitude

Assuming these modifications to the chip design are maesgtref work should try to
experimentally validate or disprove some of the points brought up here about the electrode
capacitance and dependence on gap distance. Since capture of particles or viruses at this point is a
dubious task it would be best to use phdtolgraphy to probe these poinss.cylinder can be
fabricated at the center of the chip with varying heights using standard fabrication methods. By

altering the electrode gap distance and cylinder height one should be able to experimentally
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determine if theelationsin chapter 4above hold as claimedt is also an easy matter to alter the
dielectric properties of this cylinder by altering the photoresist used for its fabricatiwork

however might need to employ differeglectricalequipment as thémitations of the Solartron

seem to be a hindrance to the small changes expected from a single chip, and a differential
measurement set up such as is used in the flow cytometer (Gawad et al. (2004)) may be necessary.
It is not recommended that the ureasea system begursuedany further. Although he
advantagef this methodif it does prove fruitful is thait can be adapted to work for any type of
analyte by changing thinctionalizationof the urease there are significant disadvantagles
knowledgebaseand technical skilfequiredfor the isolation and functionalization of urezae
significant This is only complicated by the fact that there is no guarantee that the functionalized

form of urease will 8l have the required activity
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